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WEDNESDAY MORNING 
Page 
8:00 a,m. Regis t ra t ion ,  Rei tz  Union 
8:45 a,m. Welcome sess ion  - R.E. Uhrig, Dean, co l l ege  
of Engineering 
M. J. Ohanian , Chairman 
Departmefit of Nuclear 
Engineering Sciences 
9s00 a.m. In t roduct ion  - I<. Thom, NASA Headquarters 
1 Symposium Program Chairman 
9 : m 1 2 :  30 - SESSION I - Chairman: K. Thom, NASA Head- 
qua r t e r s  
M ~ ~ ~ ~ ~ ~ ~ ~ w  
Paper No.  1-1 - "A Comparison of Open and Closed Cycle 
Gaseous C o r e  Reactor Systems ," F. C. 
........ Schwenk and C, E. Franklin,  
Paper No.  1-2 - "Ef fec t  of Engine Parameters on Fuel 
Containment i n  an Open-Cycle Gas-Core 
Reactor,'' R. G. Ragsdale. . . . O m .  
Paper No. 1-3 - "Summary of Research on t h e  Nuclear 
Light  Buy Reactor," G. A. McLafferty 
. . . . . . . . . . .  . and J, W. Clark 
10:30-lot45 - Coffee Break ' 
Paper No.  1-4 - "The Colloid Core Concept--A Poss ib le  
Forerunner f o r  t h e  Gaseous C o r e ,  " 
Y. S. Tang, J. S. Stefanko and P. W. 
. . . . . . . . . . . . .  D i c k s o n . .  
Paper No, 1-5 - "Pulsed Plasma Core Rocket Reactors," 
. . . . . . . . . . . .  F, Winterberg 
Paper No, 1-6 - "Gaseous Fiss ion  Closed Loop MHD 
. . . . . .  ... Generator A. Sherman, 
Paper No.  1-7 - "Feas ib i l i t y  of a Nuclear Laser Ex- 
c i t e d  by Fiss ion  Fragments Produced 
i n  a Pulsed Nuclear Reactor,'' G. R. 
Russel l  . . . . . . . . . . . . . . .  
12:30-1:30 - Lunch 
Page 
WEDNESDAY AFTEmOON 
1:30-5:00 - SESSION II - Chairman: R.G. Ragsdale, 
NASA-Lewis Research Center 
Paper No. 2-1 - "Experiments on t h e  Containment of 
Simulated Fuel i n  Unheated and Heated 
Vortexes , I 1  A, E, $lensing and J. F. 
Jaminet. . . . . . . . . . . . . . . .  13 
Paper N o .  2-2 - "Exploratory Plasmadynamic Studies  of 
Vortex and Coaxial Flow Geometries 
Employing Radio-Frequency Induct ion 
Heating," J. J, Keyes, Jr. and W. K. 
Sar tory.  . . . . . . . . . . . . . . .  15 
Paper No. 2-3 - "Experimental Study of t h e  E f f e c t  of 
I n l e t  Conditions on t h e  Flow and Con- 
tainment C h a r a c t e r i s t i c s  of Coaxial 
. . . . . . . . .  Flow," B. V. Johnson 17 
Paper N o .  2-4 - "Self-confined Rotating Flows f o r  
Containment," F. K. Moore and S. 
Leibovich............... 18 
3:lO-3:20 - Coffee Break 
Paper N o ,  2-5 - " S t a b i l i t y  of Two-Fluid Wheel Flows 
With an Imposed Uniform Axial Magnetic 
F ie ld ,"  6. F. ~qonnin and J. J. Reiniiann 19 
Paper iao, 2-6 - " S t a b i l i t y  Considerations f o r  a Trans- 
parent  W a l l  i n  a Gaseous Nuclear Rocket," 
C. K, W e  Tam, B, B e  Goracke and W e  S. 
Lewel len  . . . . . . . . . . . . . . .  20 
Paper N o .  2-7 - "An Acoustic I n s t a b i l i t y  Driven by 
Absorption of Radiation i n  Gases," 
Me J. Nonsler and J. L. Kerrebrock . . 2 1  
Paper NQ. 2-8 - "Gas-Core Nuclear Rocket Concept With 
Fuel Separat ion by MHD-Driven l i o t a t i ~ n , ~  
C . P a r k a n d W , L . L o v e . . . . . . . .  2 8  
5:OO-Q:30 - TOUR: Department of Nuclear Engineering Sciences 
5:OO-5:15 - R, T. Schneider,  Tour In t roduct ion  
January 8 ,  1970 
T H U S D A Y  E4OWING Page 
9:00-l2:15 - SESSION I11 - Chairman: T. D, Wilkerson, 
Univers i ty  of Mary land 
"PROPERTIES OF U I U M  PJ;ASI=IAS1' 
A. Theore t i ca l  Papers 
Paper No, 3-1 - "Current  S t a t u s  of t h e  Analysis  of t h e  
O p t i c a l  Spec t r a  of Uranium," D. W, 
Ste inhaus ,  L. J. Radziemski and R. D. 
Cowan.. . . . . . . . . . . . . . . .  37 
Paper N o .  3-2 - " S t a t u s  of Opacity Ca lcu la t ions  f o r  
Appl ica t ion  t o  Uranium-Fueled G a s -  
. . . . .  C o r e  Reactors ,"  Re W e  Patch. 38 
Paper No. 3-3 - "Conditions f o r  Local Thermodynamic 
Equi l ibr ium i n  Uranium," W, 6 .  V u l l i e t  
. . . . . . . . . . .  and T. N. D e l m e r  40 
10 :l5-10 :30 - Coffee Break 
Paper No. 3-4 - "Boi l ing  P o i n t  of  raniu urn,' A. G. 
Kandol 111, Re T. Schneider and 6. D. 
Kyls t ra .  . . . . . . . . . . . . . . .  4 1  
Paper N o .  3-5 - "Spectroscopic  Study Q £  a Uranium A r c  
Plasma," II. 3 .  Campbell, N. T. Schneider, 
C. D. Ky l s t r a  and A. G. 3andoL 111 . . 42 
Paper No. 3-6 - "Uranium Plasma Opacity Measurements," 
1.1. H. i tkiller,  T. il .  Willzerson and 
. . . . . . . . . . . .  3 .  W. Kooprnan. 4 4  
Paper No. 3-7 - "Generation of  a F i s s ion ing  Plasma," 
. .  C. D. Xyls t r a  and R, T, Schneider.  45 
12:30-1:30 - Lunch 
THURSDAY AFTERNOON 
Page 
1:30-4:45 - SESSION I V  - Chairman: P1. J. Ohanian, 
Un ive r s i t y  of F l o r i d a  
Paper N o .  4-1 - "Neutron K i n e t i c s  of  Cavi ty  Reactors," 
. . .  kJ. N. Podney and He P. Smith, Jr. 46 
Paper N o .  4-2 - "Coupled F l u i d  and Neutronic O s c i l l a -  
t i o n s  i n  High-Temperature Gaseous Uranium," 
Me Becker . . . . . . . . . . . . . . .  48 
Paper No. 4-3 - "The Radiant  Heat Flux Limit  o f  By-Pass 
Flow i n  a Uranium Plasma Rocket," 
A. F. Kascak. . . . . . . . . . . . . .  5 1  
Paper N o .  4-4 - "A Study of  Thermal Radiat ion Absorpt ion 
Processes  i n  G a s  Core Reactors ,'I W. L. 
P a r t a i n ,  J. R. W i l l i a m s  and J. D. Clement 53 
3:15 - 3:38 - Coffee Break 
Paper N o .  4-5 - "Radia t ion  Transpor t  i n  a Uranium Plasma 
Reactor  w i th  R e f l e c t i n g  Walls ," S. K e l r n  
. . . . . . . . . . . .  and Id.  Peschka, 61 
Paper N o .  4-6 - '!Radiation f3azard from Forward Flow of 
F i s s i o n  Fragments from t h e  Plume o f  a 
G a s - C o r e  Nuclear Rocket," C. C. Masser. 6 2  
Paper fJo. 4-7 - "Appl ica t ions  of Zoning Tecnniques i n  
P r a c t i c a l  Rad ia t ive  Energy Transpor t  
. . . . . . .  Problems," E. Y. He Xeng. 65  
6:30-7:30 - S o c i a l  Hour, F l a y l e r  Inn  
7:30 - Banquet, F l a g l e r  Inn  - Speaker: D r .  ~ 4 i l t o n  M. Slawsky 
A i r  F0rCe O f f i c e  of S c i e n t i f i c  
FRIDAY EWRYLNG Page 
9:OQ-10:45 - SESSION V - Chairman: C. E. F rank l in  
Space Nuclear Propuls ion  O f f i c e  
"NUCLEAR LIGHT BULB 
Paper N o .  5-1 - " I n v e s t i g a t i o n  of Nuclear L igh t  Bulb 
Start-Up and Engine Dynamics," T. S. 
Latham, 13, E. Bauer, and R. J. Rodgers . G G  
Paper :?or 5-2 - "Ca lcu la t i ons  o f  t h e  S p e c t r a l  Emission 
From the Fuel  Region of a Nuclear L igh t  
Bulb Reactor ,"  N, L. K r a s c e l l a  . . . . . 6 8  
Paper No, 5-3 - "Development of a High-Intensi ty  R-F 
Radiant  Energy Source f o r  S imula t ing  t h e  
Thermal Environment of t h e  Nuclear L igh t  
Bulb Reactor ,"  We GQ Roman . . . . . . . 6 9  
Paper N o .  5-4 - "Experiments f o r  S imula t ing  t h e  Absorp- 
t i o n  of Thermal Radia t ion  i n  t h e  Propel-  
l a n t  Duct of a Nuclear Light Bulb 
Reactor ,"  J. F. I<lein.  . 4 . . . . . . . 71. 
lO:45-ll:00 - Coffee 3reak 
1l:QO-12:30 - Panel  Discuss ion 
Chairman: 8. E. Uhrig 
N e m b e r s :  J, L. Kerrebrock,  G.  H. McLafferty,  
J. l i l ,  i l o r f i t t ,  F, E. Elom, R e  T, Schneider ,  
F. C. Scl~werik 
12:30-l:30 - Lunch 
FRIDAY AFTERYOON 
Page 
L:30-3:l5 - SESSION VL - Chairman: M e  Hassan, 
North Ca ro l ina  S t a t e  
Un ive r s i t y  
Paper N o .  6-1 - "Advanced Nuclear EII-ID Power P l a n t s , "  
Re R, Rosa.  . . . . . . . . . . . . .  73 
Paper No. 6-2 - "Kine t i c s  S t u d i e s  of  Nuclear Seeded MMD 
Plasmas ," W .  H e  E l l i s ,  K. Imani and 
K. G. Cofer. . . . . . . . . . . . . .  74 
Paper N o .  6 - 3  - "The Performance of  Helium Seeded w i t h  
Uranium i n  a Magnetohydrodynamic 
Generator ,"  A. Re  Bishop . . . . . . .  75 
Paper N o ,  6-4 - " G a s - C o r e  Reactors f o r  bIHD Power Systems," 
J. R. iq i l l iams and S.  V. She l ton  . . .  76 
3:15-3:30 - Coffee Break 
3:30-4:45 - SESSION V I L  - Chairman: A. Javan ,  
Massachuset ts  I n s t i t u t e  
of Technology 
"NUCLEAR LASERS" 
Paper N o ,  7-1 - "On  G a s  Laser Pumping V i a  Nuclear Radia- 
t ions , "  J. C. Guyot, G. H e  24iley, J. T. 
. . . . . . . .  Verdeyen and T. Ganley 
Paper N o .  9-2 - "Ca lcu la t i ons  of Ion iza t ion -Exc i t a t i on  
R a t e s  i n  Gaseous Media I r r a d i a t e d  by 
F i s s i o n  Fragments and Alpha P a r t i c l e s  ," 
P. E. The i s s  and G ,  H. ~4iLey . . . . .  8 9 
Paper N o .  7-3 - "Enhancement of  Laser  Output by Nuclear 
React ions ,"  F. A l l a r i o ,  R. T. Schneider ,  
Re A. Lucht and R. Hess. . . . . . . .  9 1  
4:45 - Clos ing  Sess ion  - M. T h ~ m  - " F i n a l  liemarks" 
SATURDAY MOm31NG 
A t o u r  of t h e  NASA f a c i l i t i e s  a t  Gape Kennedy. 
4-1 ' A COMPARISON OF OPEN AND CLOSED CYCLE GASEOUS 
CORE REACTOR SYSTEMS 
F, C, Schwenk and C, E, Frank l in  
Space Nuclear Propuls ion  O f f i c e  
Washington, D, G, 
The p r e s e n t  advanced propuls ion  concepts  be ing  suppor ted  
by t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion g e n e r a l l y  
L i e  e i t h e r  i n  t h e  e l e c t r i c  o r  n u c l e a r  f i e l d s .  This  paper  looks  
only  a t  t h e  nuc l ea r  o p t i o n s  f o r  advanced propuls ion  systems and 
d e f i n e s  advanced n u c l e a r  p ropuls ion ,  f o r  t h e  purposes o f  t h i s  
paper ,  t o  be  gaseous c o r e  r e a c t o r s .  The gene ra l  c h a r a c t e r i s -  
t ics  of gaseous core  r e a c t o r s  are desc r ibed  and a  b r i e f  review 
i s  made of gas  co re  concepts  which have been p rev ious ly  sup- 
po r t ed  by NASA, T h e  major emphasis o f  t h e  paper ,  however, is  
p laced  on a  d e t a i l e d  comparison o f  t h e  two prime gas c o r e  can- 
d i d a t e s ;  i.e, , t h e  open c y c l e  c o a x i a l  £loT'? system and t h e  c l o s e d  
c y c l e  n u c l e a r  l i g h t  bulb  system, Limi t ing  f e a t u r e s  f o r  each 
a r e  d i scus sed  and a judgment i s  made a s  t o  t h e i r  c r i t i c a l  com- 
ponents ,  as w e l l  a s  t h e  p o t e n t i a l  f o r  s o l u t i o n .  
1-2 EFFECT OF ENGINE N FUEL CONTAINMENT 
IN A N  OPEN-C 
Robert G. Ragsdale 
L e w i s  Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio 
An a n a l y s i s  i s  c a r r i e d  ou t  t o  determine how t h e  amount 
of nuclear  f u e l  t h a t  would e x i s t  i n  a gaseous r e a c t o r  i s  af-  
f e c t e d  by various engine parameters. The l a t e s t  r e s u l t s  from 
gas-core f l u i d  mechanics experiments and from uranium plasma 
composition and opaci ty  theory a r e  used i n  t h e  analys is .  The 
engine parameters considered are: c a v i t y  diameter,  r e a c t o r  
p ressu re ,  engine t h r u s t ,  engine s p e c i f i c  impulse, and t h e  ra- 
t i o  of hydgrogen flow r a t e  t o  uranium flow r a t e .  
A number of a u x i l i a r y  equat ions w e r e  required t o  ob ta in  
t h e  f i n a l  one t h a t  reLates  f u e l  mass t o  engine parameters. 
The r e s u l t s  of two r e c e n t  experiments showed t h a t  t h e  f r ac -  
t i o n  of r e a c t o r  c a v i t y  volume t h a t  w i l l  be occupied by f u e l  
- 
V is given by the  following funct ion  of t h e  fuel-to-propel- 
l a n t  average dens i ty  r a t i o ,  F,  and t h e  propel lan t - to- fue l  
flow r a t e  r a t i o ,  m: 
Simi lar  equat ions f o r  t h e  uranium plasma dens i ty ,  p ,  and ab- 
so rp t ion  c o e f f i c i e n t ,  a, a r e  w r i t t e n  i n  t e r m s  of p ressu re  and 
temperature:  
D 
p = (cons t )  L 
These equat ions are incorporated i n t o  a r e c e n t l y  published 
d i f f u s i o n  a n a l y s i s  of rad iaekreae  t r a n s f e r ,  The f i n a l  r e s u l t  
is  an equation f o r  t h e  f-1 m a s s  i n  t h e  engine i n  terns of  
cav i ty  diameter,  D; engine pressure ,  P; t h r u s t ,  F; s p e c i f i c  
i q u l s e ,  1 ; and hydrogen-to-uranium flow r a t e  r a t i o ,  g ,  
sP 
T h e  equaeisn i s  : 
This equation is then used t o  examine t h e  var ious engine t rade-  
o f f s  t h a t  a r e  a v a i l a b l e  between these  parameters. 
1-3 SUMMARY OF RESEARCH ON THE NUCLEAR LIGHT BULB REACTORQ 
G. H ,  McEafferty and J, W. Clark 
United A i r c r a f t  Research L&ora to r i e s  
E a s t  Ha r t fo rd ,  Connect icut  
The n u c l e a r  l i g h t  bu lb  engine i s  based on the t r a n s f e r  
of energy by thermal  r a d i a t i o n  from gaseous n u c l e a r  f u e l  
suspended i n  a neon v o r t e x ,  through an i n t e r n a l l y  cooled 
t r a n s p a r e n t  w a l l ,  t o  seeded hydrogen p r o p e l l a n t ,  Such an 
engine o f f e r s  t h e  p o s s i b i l i t y  o f  p rov id ing  v a l u e s  of  s p e c i f i c  
impulse g r e a t e r  than 1500 sec,  rust-to-weight r a t i o s  g r e a t e r  
than 1, and containment of the  gaseous n u c l e a r  f u e l  wi thout  
l o s s  of f u e l  o r  f i s s i o n  produc ts  i n  t h e  exhaus t  from t h e  
engine,  I n  a d d i t i o n ,  it may be p o s s i b l e  t o  o b t a i n  many 
r euses  from such an engine  by r e p l e n i s h i n g  t h e  s p e n t  r e c i r c u -  
l a t i n g  f u e l ,  Removal of t h e  s p e n t  f u e l  and f i s s i o n  produc ts  
from the  engine would a l s o  reduce t h e  r a d i a t i o n  hazards  
du r ing  mul t ip le - rende  zvous miss ions ,  
Determination of t he  f e a s i b i l i t y  of  a  n u c l e a r  l i g h t  bu lb  
engine r e q u i r e s  r e s e a r c h  i n  a number of technology a reas :  
i n v e s t i g a t i o n s  of v o r t e x  f l u i d  mechanics and r a d i a n t  hea t  
t r a n s f  e r ,  development and t e s t i n g  of t h i n  i n t e r n a l l y  
cooled t r anspa ren t -wa l l  s t r u c t u r e s  , i n v e s t i g a t i o n s  of 
rad ia t ion- induced  abso rp t ion  i n  t r a n s p a r e n t  w a l l s  due t o  
neu t rons  and gamma r a y s ,  and s t u d i e s  of o v e r a l l  eng ine  
c h a r a c t e r i s t i c s  ( i nc lud ing  engine s t a r t - u p  and engine dynam- 
ics ) .  The r e sea rch  accomplished t o  d a t e  and t h e  r e l a t i o n  
between t h e  r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  and the engine 
c h a r a c t e r i s  t i c s  (such as s i z e ,  s p e c i f i c  impulse,  and weight)  
w i l l  be d i scussed .  
* This r e sea rch  was supported by Wrre j o i n t  AEC-NASA Space 
Nuclear Propuls ion  O f f  ice under Cont rac t s  NASw- 847 and 
SLJPC- 70 . 
4 
1-4 THE COLLOID CORE CONCEPT -- A POSSIBLE FORERUNNER 
FOR THE GASEOUS CORE 
Y. S .  Tang, J. S. Stefanko and P. W. ~ i c k s o n  
Westinghouse E l e c t r i c  Corporation 
Astronuclear Laboratory 
P i t t sburgh ,  Pennsylvania 
The s o l i d  core  r e a c t o r  concept, r ep resen t ing  t h e  s t a t e -  
of- the-ar t  i n  nuclear  propulsion systems, o f f e r s  a g r e a t e r  
s p e c i f i c  impulse, I than chemical propulsion systems by SP 
more than a f a c t o r  of two. The gaseous co re  concept, on t h e  
o t h e r  hand, can t h e o r e t i c a l l y  provide a value of I on t h e  SP 
o rde r  of f i v e  t o  nine times t h a t  of chemical systems. The 
f e a s i b i l i t y  of reaching such a high s p e c i f i c  impulse, however, 
depends on t h e  fuel-retention c h a r a c t e r i s t i c s  of a vortex- 
skab i l i zed  engine, 
A concept using c o l l o i d  f u e l ,  which has t h e  inheren t  ad- 
vantages of easier containment and separa t ion ,  was conceived 
by Aerospace Research Laboratory (ARL) of Wright-Patterson 
A i r  Force Base. The c a p a b i l i t y  of r e t a i n i n g  t h e  f i s s i o n a b l e  
m a t e r i a l  i n  t h e  r e a c t o r  cav i ty  i s  enhanced i n  t h i s  concept 
through t h e  u t i l i z a t i o n  of a l a r g e  dens i ty  d i f f e rence  between 
t h e  fuel-bearing m a t e r i a l  i n  p a r t i c u l a t e  form and t h e  propel- 
l an t .  
Under ARL sponsorship Westinghouse conducted a design 
study which included a t h e o r e t i c a l  a n a l y s i s  of cokloid co re  
c h a r a c t e r i s t i c s  and t h e  evalua t ion  of technologica l  problem 
areas .  A conceptual design of t h e  ground t e s t  r e a c t o r  w a s  
made f o r  demonstrating t h e  opera t ion  p r i n c i p l e s  of t h i s  con- 
cept.  The r e a c t o r  uses  p a r t i c u l a t e  f u e l  with a composition 
( l U - 1 O Z r )  C, The uranium i s  U-233, and t h e  fuel i s  fed t o  t h e  
c a v i t y  by hydrogen gas, The caviky, a compressed vortex cham- 
ber developed by A&, has  an L/D r a t i o  of 0.15 i n  t h e  fue l -  
bear ing  zone, Beryllium i s  used as t h e  r e f l e c t o r  mater ia l .  
The r e f l e c t o r ,  a s  w e l l  as t h e  o the r  co re  components, i s  cooled 
by hydrogen passages contained i n  a  t i t an ium a l l o y  (T i -Al -V)  
p ressure  v e s s e l ,  The  engine would generate  a  100,000 pound 
t h r u s t  wi th  a s p e c i f i c  impulse of 1200 lbf-sec/lbm. 
A comparison was made between t h e  c o l l o i d  core r e a c t o r  
and a s p e c i f i c  nuclear  l ight-bulb engine of s i m i l a r  t h r u s t ,  
a s  repor ted  by The  United Technology Center of United A i r c r a f t  
Corporation i n  1968, The weight of t h e  engine p lus  p r o p e l l a n t  
is  comparable f o r  a  mission time of 20 minutes, 
1-5 PULSED PLASMA CORE ROCKET REACTORS 
F. Winterberg 
Desert  Research I n s t i t u t e  
Universi ty  of Nevada Sys tern 
It is shown t h a t  t h e  two p r i n c i p l e  problems of gas co re  
r e a c t o r s ,  t h a t  i s  1) f u e l  p rope l l an t  sepa ra t ion  and 2 )  mate- 
r i a l  problems r e s u l t i n g  from t h e  high opera t ing  temperature,  
can be g r e a t l y  reduced by a pulsed opera t ion  t o  very high 
temperatures by a f a s t  growing chain reac t ion .  An expression 
f o r  t h e  r e a c t o r  economy ( f o r  t h e  f u e l  burn up) is  der ived  
which shows t h a t  with inc reas ing  maximum temperature i n  t h e  
pulsed r e a c t o r  opera t ion  t h e  same f u e l  burn up i s  poss ib le  
with a smal ler  f u e l  p rope l l an t  separa t ion .  I n  t h e  l i m i t i n g  
case  of temperatures above ~ O ~ O K ,  no separa t ion  i s  needed. 
This l i m i t i n g  case  is  represented  by t h e  bomb propulsion con- 
cept.  For in termedia te  temperatures l e s s  sepa ra t ion  i s  
needed f o r  t h e  same f u e l  burn up. The o t h e r  l i m i t i n g  case ,  
t h a t  of complete sepa ra t ion  r e a l i z e d  i n  t h e  s o l i d  core  rocket  
r e a c t o r ,  can a l s o  be recovered from t h e  genera l  formula. 
The pulsed opera t ion  w i l l  no t  only reduce t h e  m a t e r i a l  
problems connected wi th  continuous opera t ion  a t  high temper- 
a t u r e s  bu t  a l s o  w i l l  l ead  t o  a h igher  s p e c i f i c  impulse n o t  
a t t a i n a b l e  under continuous operat ion.  
1-6 GASEOUS FISSION CLOSED LOOP MHD GENERATOR 
Arthur Sherman 
Computer and ~ p p l i e ~  Sc iences ,  Inc ,  
Ph i l ade lph ia ,  Pennsylvania 
For  some y e a r s  now re sea rch  workers have been s t u d y i n g  
t h e  problem of how t o  gene ra t e  l a r g e  amounts of e l e c t r i c a l  
power e f f i c i e n t l y  and i n  a l i g h t  weight  system f o r  u se  i n  
space  f l i g h t .  Most d e t a i l e d  s t u d i e s  have been done assuming 
a convent iona l  (a l though h igh  performance) s o l i d  c o r e  nuc l ea r  
r e a c t o r  wi th  turbomachinery used f o r  t h e  thermal  t o  e l e c t r i c a l  
energy convers ion,  Some thought has  been given t o  t h e  u s e  of 
an MHD gene ra to r  h e r e ,  b u t  due t o  t h e  l i m i t e d  tempera tures  
a v a i l a b l e  from s o l i d  care r e a c t o r s  such a gene ra to r  would be  
a marginal  performer  u n l e s s  s u b s t a n t i a l  amounts of non- 
e g u i  l i b r ium i o n i z a t i o n  were p o s s i b l e .  Accordingly,  reseaxch 
cont inues  on non-equil ibrium i o n i z a t i o n  i n  such g e n e r a t o r s .  
I n  any even t ,  t h e  system contemplated r e g a r d l e s s  of t h e  con- 
v e r s i o n  method would probably,  a t  b e s t ,  o p e r a t e  i n  t h e  10-25 
K g  p e r  Kw range of s p e c i f i c  weights .  An a l t e r n a t i v e  t o  such 
a heavy system i s  t h e  s o l i d  co re  nuc l ea r  r o c k e t ,  and t h i s  
dev ice  is  p r e s e n t l y  be ing  s t u d i e d  v igorous ly ,  
Another a l t e r n a t i v e  i s  t h e  gas  core  nuc l ea r  r o c k e t  which 
can o p e r a t e  a t  temperatures  much h i g h e r  than  $he s o l i d  core 
(20-30,000oK). The fundamental problem he re  i s  s e p a r a t i o n  of 
khe f i s s i o n a b l e  material (U 235  vapor)  t o  p reven t  i t s  l eav ing  
the r o c k e t  through i t s  p r o p e l l a n t  exhaus t  ( H z )  . I f  t o o  much 
f i s s i o n a b l e  m a t e r i a l  i s  l o s t ,  s i g n i f i c a n t  contaminat ion of t h e  
envirorment  occurs  and an immense expense i s  i n c u r ~ e d .  Most 
of the r e sea rch  i n  this a r e a  has  been t h e o r e t i c a l  and con- 
cerned wi th  t h i s  s e p a r a t i o n  problem, and t h e  problem i s  s t i l l  
a long way from being solved.  
A second a l t e r n a t i v e  which has no t  been considered t o  
any extent f s t o  use a gas core r eac to r  i n  a 
s o  Ulat sepa ra t ion  i s  of no concern. In  t h i s  case  tempera- 
t u r e s  on the  order  of 20-33 , Q O O O ~  a re  imprac t i ca l  s i n c e  h e a t  
f luxes  would be ext raordinary .  However, one could cons ider  
temperatures i n  the  range of 1 0 , 0 0 0 ~ ~  as  perhaps f e a s i b l e .  
This would provide a major s t e p  forward r e l a t i v e  t~ presen t ly  
considered s o l i d  core closed loop systems. Also, a t  such 
temperatures the  MHD genera tor  becomes a compact and e f f i -  
c i e n t  conversion device whereas turbomachinery i s  completely 
o u t  of the quest ion.  
In  t h i s  paper w e  w i l l  p r e s e n t  a review of one poss ib le  
gaseous f i s s i o n  c losed  loop system using an MHD genera tor ,  
Some of the  c r i t i c a l  problems t h a t  would requ i re  s o l u t i o n  
w i l l  a l s o  be reviewed. 
1-7 FEASIBILITY OF A NUCLEAR LASER EXCITED BY FISSION 
FRAGMENTS PRODUCED IN APULSED NUCLEAR REACTOR 
G, R, Russel l  
Jet Propulsion Laboratory 
C a l i f o r n i a  I n s t i t u t e  of Technology 
Pasadena, Ca l i fo rn ia  
Recent experimental  work (Ref, 1) i n d i c a t e s  t h a t  e l e c t r i -  
c a l  e x c i t a t i o n  of  lasers can be enhanced by i r r a d i a t i n g  t h e  
laser medium wikh high energy p r o b n s ,  P resen t  c a l c u l a t i o n s  
show t h a t  i n f r a r e d  laser e x c i t a t i o n  i n  p a r t i a l l y  ionized argon 
can be a t t a i n e d  without  e l e c t r i c a l  e x c i t a t i o n  u t i l i z i n g  a 
source of f i s s i o n  fragments i n  a  pulsed nuclear  r eac to r .  The 
ana lys i s  dea l s  with t h e  e x c i t a t i o n  of atomic argon i r r a d i a t e d  
i n  an o p t i c a l  c a v i t y  with f i s s i o n  fragments obtained by pass- 
ing  t h e  r e a c t o r  neutron f l u x  through t h i n  uranium f o i l s  i n  t h e  
cav i ty  w a l l s ,  Simultaneous numerical s o l u t i o n s  are obtained 
of t h e  e l e c t r o n  energy equat ion,  t h e  s p e c i e  con t inu i ty  equa- 
t i o n s ,  - and t h e  rate equation's governing t h e  population of 
atomic exc i t ed  s t a t e s .  Elec t ron  d i f f u s i o n ,  t h r e e  body c o l l i -  
s iona l - rad ia t ive  recombination, molecular ion  formation and 
d i s s o c i a t i v e  recombination a r e  t r e a t e d  simultaneously i n  t h e  
determinat ion of t h e  e l e c t r o n  dens i ty ,  Opt i ca l ly  t h i n  f ree-  
bound r a d i a t i v e  l o s s e s  are ca lcu la ted  us ing  t h e  theory of 
Biberman e t  a L  (Ref, 2), Nonequi l ibr im t h i n  l i n e  r a d i a t i o n  
y -  
is included a s  w e l l  a s  leakage l o s s e s  from t h e  t h i n  l i n e  wings 
of resonance t r a n s i t i o n s ,  A t e n  l e v e l  hydrogen-like model is 
used t o  c a l c u l a t e  t h e  c o l l i s i o n a l - r a d i a t i v e  recombination r a t e  
and t h e  populat ions of t h e  f i r s t  t e n  t r a n s i t i o n  a r rays  of  atom- 
i c  argon, Radiat ive t r a n s i t i o n  p r o b a b i l i t i e s  a r e  c a l c u l a t e d  
using t h e  theory of Bates and Damgaard (Ref. 3 ) .  C o l l i s i o n a l  
e x c i t a t i o n  due t o  low energy thermalized e l e c t r o n s  i s  evalua- 
t e d  using Gryzinski (Ref, 4 )  c ross  sec t ions  f o r  o p t i c a l l y  a l e  
lowed t r a n s i t i o n s  averaged over a  h3axwellian d i s t r i b u t i o n  a t  
t h e  Ynermalizedelectron temperature, Exc i t a t ion  due t o  high 
energy secondary e l e c t r o n s  and primary f i s s i o n  fragments i s  
t r e a t e d  s e p a r a t e l y  us ing  Gryzinski c r o s s  s e c t i o n s  i n  t h e  high 
e n e r w  l i ~ t  corresponding to  the Born approximation, 
In t h e  s o l u t i o n s  of i n t e r e s t  f o r  a t o ~ c  Lasers c o l l i s i o n a l -  
r a d i a t i v e  reco&inat ion is the dominant r e e o h i n a t i o n  process:  
d i s s o c i a t i v e  recombination is l i m i t e d  by molecu la r  ion  pro- 
duction and does no t  exceed 20 percent  of t h e  t h r e e  body r a t e .  
-4 The degree of i o n i z a t i o n  i s  of t h e  o rde r  of 10 and i s  pro- 
p o r t i o n a l  t o  t h e  f i s s i o n  fragment f l u x  r a t e ,  Elec t ron  temper- 
a t u r e s  are e leva ted  from an atomic temperature of 300e X t o  
values i n  t h e  range of 1500 - 200°6K, and a r e  n o t  s t rong  func- 
t i o n s  of e i t h e r  t h e  gas  dens i ty  nor the  f i s s i o n  fragrment f l u x  
r a t e ,  It is shown t h a t  d i r e c t  e x c i t a t i o n  caused by high energy 
f i s s i o n  fragments and secondary eLectrons leads  t o  population 
invers ions  of t h e  5s-4P a r ray  t r a n s i t i o n  which would n o t  occur 
i n  a recombining gas a t  t h e  same e l e c t r o n  temperature and den- 
s i t y  i f  t h e r e  w e r e  no high energy p a r t i c l e s  present ,  Generally,  
f o r  o p t i c a l  c a v i t i e s  of reasonably l eng ths  f o r  use i n  a nuclear  
r e a c t o r ,  threshold  populat ion of t h e  upper 5s a r ray  cannot be 
a t t a i n e d  u t i l i z i n g  5s-4P invers ions ,  However, due t o  subse- 
quent  capture  of e l e c t r o n s  i n i t i a l l y  produced by f i s s i o n  frag- 
ment and high energy secondary e l e c t r o n  ion iz ing  c o l l i s i o n s ,  
populat ion inver s ions  a r e  a l s o  shown t o  e x i s t  a t  t h e  h igher  
4d-5P t r a n s i t i o n  ar ray ,  Threshold va lues  of t h e  upper 4d ar-  
ray  of t h i s  t r a n s i t i o n  are l a r g e  enough t o  provide i n f r a r e d  
laser e x c i t a t i o n  i n  a cav i ty  having a length  of from 50 t o  
LOO cm, where t h e  neutron f l u x  r a t e  is  of t h e  order  of 10 1 4  
- 
cm 2sec-1, and t h e  gas pressure  is  about one t o  two t o r r ,  
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IN UNHEATED AND HEATED.VORT€XES* 
-- --- - - 
A. E. Mensing and J. F. Jaminet 
United A i r c r a f t  Research Laboratories 
E a s t  Hartford, Connecticut 
Experimental inves t iga t ions  w e r e  conducted i n  which the  
amount of heavy gas contained i n  l ight-gas vovtexes was 
measured f o r  both heated and unheated (isothermal) vor tex  
flows. I n  the vortex flows with h e a t  addi t ion ,  power was 
added t o  t h e  flow by r-f induct ion heat ing of t h e  gas within 
the chamber. The l i g h t  gas,  argon, was i n j ec t ed  i n  a tan- 
g e n t i a l  d i r ec t i on  e i t h e r  from t h e  end wal ls  o r  from t h e  
pe r iphera l  wall .  The flow r a t e ,  plasma diameter, and power 
addi t ion  were such a s  t o  provide a r a d i a l  gradient  of tempera- 
t u r e  of approximately 50,000 deg K/in. near  t h e  ou te r  edge of 
the plasma. Xenon was employed a s  the  heavy gas and was 
i n j ec t ed  i n t o  t he  vortex a t  s eve ra l  d i f f e r e n t  locat ions.  
Spectroscopic techniques w e r e  used t o  determine both t h e  
temperature d i s t r i b u t i o n  and t h e  xenon p a r t i a l  pressure 
within t he  plasma. 
T e s t s  conducted with unheated vortex flows employed a 
vor tex  tube much l a r g e r  than, b u t  geometrically s imi l a r  t o ,  
the vortex tube used i n  t he  heated tests. A i r  was used as 
t he  l i g h t  gas and mixtures of iodine  w i t h  helium, n i t rogen 
o r  s u l f u r  hexafluoride were used a s  heavy gases. Severa l  
d i f f e r e n t  heavy- and l ight-gas i n j e c t i o n  configurat ions were 
used, and t he  weight flow r a t e s  of both the  heavy and l i g h t  
gases were varied.  The volume-averaged p a r t i a l  pressures  of 
the heavy gas within the  vortexes were determined, a s  were 
* This research was supported by the j o i n t  AEC-NASA Space 
Nuclear Propulsion Off ice under Contracts NASw-847 and 
SNPC-70. 
t h e  r a d i a l  d i s t r i b u t i o n s  of the  heavy-gas p a r t i a l  pressure .  
Comparisons were made o f  t he  heavy-gas p a r t i a l  pressures  
i n  the  heated and unheated flows. For s i m i l a r  geometries and 
the same l ight-gas weight f lows, the heated vor texes  had 
l a r g e r  values of t h e  heavy-gas p a r t i a l  pressure  i n  the  c e n t r a l  
regions of t h e  vor tex ,  b u t  less heavy-gas p a r t i a l  pressure  a t  
t h e  g r e a t e r  r a d i i .  Under t h e  same condi t ions ,  t h e  volume 
averaged heavy-gas p a r t i a l  pressures  were about equal  i n  both 
heated and unheated flows. Radial  g rad ien t s  of s t a t i c  pres- 
s u r e  i n  the  heated vor texes  were much less than i n  unheated 
vostexes having khe same flow r a t e s .  
2-2 EXPLORATORY PLASMADYNAMIC STUDIES OF VORTEX AND COAXIAL 
FLOW GEOMETRIES EMPLOYING RADIO-FREQUENCY INDUCTION HEATING* 
J, J. Keyes, Jr., and W. K ,  S a r t o r y  
Oak Ridge Nat iona l  Laboratory 
Oak Ridge, Tennessee 
Experiments are desc r ibed  i n  which t h e  e f f e c t  o f  high  
energy-densi ty  vo lume t r i c  h e a t i n g  on j e t -d r iven  v o r t e x  f low 
of  argon and on c o a x i a l  f low of helium and argon have been 
determined.  A radio-frequency power sou rce  capable  of 50 kw 
o u t p u t  i n  t h e  range from 0,4 t o  4.0 M Hz w a s  used t o  h e a t  
argon and he liwn-argon plasmas i n d u c t i v e l y  a t  a tmospher ic  
p r e s s u r e  t o  peak temperatures  e s t ima ted  t o  be between PO ,000 
t o  1 5 , 0 0 0 ~ ~  depending on plasma composit ion,  
Experiments w i th  2-in,-diameter by 6-in.-long water-  
cooled copper and q u a r t z  vo r t ex  tubes  have r evea l ed  t h a t  
s i g n i f i c a n t  i n c r e a s e  i n  t h e  r a t i o  of t a n g e n t i a l  v e l o c i t y  t o  
i n j e c t i o n  v e l o c i t y  above t h a t  measured a t  room temperature  
is e f f e c t e d  when t h e  argon gas  i s  i n d u c t i v e l y  heated t o  
plasma cond i t i ons  ( 1 0 , 0 0 0 ~ ~ )  , E x i t  gas temperatures  of up 
t o  7 0 0 0 ~ ~  have been measured, 
The Oak Ridge Na t iona l  L&oratory f a c i l i t y  i s  unique i n  
t h a t  it inc ludes  a 6-in.-ID superconduct ing magnet capEpble of 
gene ra t ing  reasonably  u n i f o m  a x i a l  magnetic f l u x  d e n s i t i e s  
of up t o  2.3 w/m2 over  t h e  plasma reg ion .  T h i s  magnet is 
in tended  f o r  use  i n  e v a l u a t i n g  t h e  i n f l u e n c e  of s t r o n g  
magnet ic  f i e l d s  on t u r b u l e n t  mixing i n  plasmas. I n i t i a l  
c o a x i a l  f low s t u d i e s  u s ing  a 2-in, -diameter q u a r t z  o u t e r  tube  
f o r  helium and a l 114-in.-diameter g r a p h i t e  i n j e c t i o n  tube  
f o r  argon h a ~ e  r e s u l t e d  i n  a p o s i t i v e  c e r r e l a t i o n  of magnetic 
f l u x  d e n s i t y  and coupl ing  between t h e  radio-frequency f i e l d  
and t h e  plasma. This  c o r r e l a t i o n  can b e s t  be i n t e r p r e t e d  as 
* Research sponsored by the U, S. Atomic Energy Commission 
under c o n t r a c t  with the  Union Carbide Corporation.  
suggesting that t he  magnetic field increases the effective 
argon concentration in the plasma, presuxabiy due to 
decreased turbulent mixing. 
2-3 EXPERIMENTAL STUDY OF THE EFFECT OF INLET CONDITIONS 
ON THE FLOW AND CONTAINMENT CHARACTERISTICS OF COAXIAL FLOW 
B. V. Johnson 
F l u i d  Dynamics Laboratory 
United A i r c r a f t  c o r p o r a t i o n  
E a s t  Har t ford ,  Connec t icu t  
F l u i d  mechanics experiments were performed t o  i n v e s t i -  
g a t e  the f a c t o r s  which i n f l u e n c e  t h e  format ion and growth of 
t h e  l a r g e  eddy s t r u c t u r e  i n  developing c o a x i a l  s h e a r  flows. 
The t e s t s  were performed i n  a 1 0  i nch  diameter  chamber w i t h  
a lengt-h of  1Q i n .  The i n l e t  t o  t h e  chamber was designed 
f o r  ope ra t ion  wi th  e i t h e r  two o r  three c o a x i a l  s t reams.  A i r  
o r  Freon-11 w a s  used as the i n n e r - j e t  ga s ,  and a i r  w a s  used 
f o r  t h e  b u f f e r  s t ream gas  ( i f  used) and t h e  o u t e r  stream gas. 
F ~ Q W  v i s u a l i z a t i o n  was ob ta ined  by c o l o r i n g  t h e  i n n e r - j e t  
w i t h  i o d i n e  gas and photographing t h e  f low wi th  high-speed 
motion p i c t u r e s .  Hot-wire and p i t o t  probes  were used t o  
o b t a i n  averaged and f l u c t u a t i n g  v e l o c i t y  d a t a  i n  t h e  chamber. 
For  c e r t a i n  tests p rov i s ion  w a s  made f o r  smoothing t h e  veloc- 
i t y  d i s c o n t i n u i t i e s  between t h e  s t reams  p r i o r  t o  t h e i r  en- 
t r a n c e  i n t o  t h e  chamber, 
The r e s u l t s  from these tests i n d i c a t e  t h a t  l a r g e  e d d i e s ,  
c h a r a c t e r i s t i c  of t h e  i n t e r f a c e  between c o a x i a l  f lows,  can be 
e s s e n t i a l l y  e l i m i n a t e d  f o r  f lows i n  s h o r t  chambers, a t  condi- 
t i o n s  s i m u l a t i n g  t h o s e  f o r  an open-cycle gaseous-core n u c l e a r  
r o c k e t  engine,  by proper  smoothing of t h e  v e l o c i t y  d i s c o n t i -  
n u i t i e s  between t h e  s t reams  a t  t h e  i n l e t ,  The apparen t  
i n n e r - j e t  gas  containment ob ta ined  wi th  t h e  b e s t  i n l e t  con- 
f i g u r a t i o n  w a s  better than  was ob ta ined  from prev ious  t e s t s  
where l a r g e  v e l o c i t y  d i s c o n t i n u i t i e s  a t  the i n l e t  were 
p resen t .  
2-4 SELF-CONFINED ROTATING FLOWS FOR CONTAlNWlENT 
F. K. Moore and S, ~ e i b o v i c h  
Corne l l  Un ive r s i t y  
I t h a c a ,  N e w  York 
A number of cy l indr ica l ly -symmetr ic  f lows are desc r ibed  
i n  which a f l u i d  s e p a r a t i o n  may be mainta ined by r o t a t i o n ,  
wi th  no nearby w a l l s .  These i nc lude :  
(1) Slende r  "vo r t ex  breakdot~n" e d d i e s  a l i g n e d  wi th  
o u t e r  stream r o t a t i o n .  
(2)  The Taylor  s o l u t i o n  f o r  a  sphere  i n  a  r o t a t i n g  
f l u i d ,  where w e  r ega rd  t h e  sphere  as f l u i d .  I n  one p a r t i c u -  
lar case ,  t h e  f l u i d  i n  t h e  sphere  is a t  rest. This  poss i -  
b i l i t y  i s  cons idered  i n  d e t a i l  because of i ts  p o s s i b l e  
importance f o r  containment,  
( 3 )  Steady non l inea r  wave d i s t u r b a n c e s  of a r o t a t i n g  
f l u i d  which i n d i c a t e  how enc losu re s  develop i n  a  r o t a t i n g  
f l u i d ,  and show t h e  e f f e c t  of r a d i a l  s w i r l  p r o f i l e .  
( 4 )  A f l o ~ ?  r e l a t e d  t o  H i l l ' s  v o r t e x ,  having a s t a t i o n -  
a ry  co re  of f l u i d  a t  r e s t ,  
With containment of  a heavy f l u i d  i n  mind, t h e  s t a b i l i t y  
of  t h e s e  f lows is  d iscussed ,  Plows c y l i n d r i c a l l y  s t r a t i f i e d  
by d e n s i t y  t end  t o  be u n s t a b l e ,  b u t  r o t a t i o n  can reduce am- 
p l i f i c a t i o n  rates. General ly ,  t o  hava t h e  conta ined  f l u i d  a t  
rest is s t a b i l i z i n g ,  e s p e c i a l l y  i f  t h e  i n n e r  f l u i d  is heavy, 
and t h e  o u t e r  flow is r o t a t i o n a l ,  
Evidence is  o f f e r e d  t h a t  a d d i t i o n a l  necessary  s t a b i l i z a -  
t i o n  may be provided by t h e  r a d i a t i v e  h e a t  t r a n s f e r  mechanism 
coupled w i t h  h e a t  gene ra t ion  p r o p o r t i o n a l  t o  dens i ty .  Addi- 
t i o n a l  c o n s t r a i n t s  can be  provided by an a l i g n e d  magnetic 
f Feld,  
F i n a l l y ,  t h e  problem of v i scous  decay of s e l f - con ta ined  
f laws is  d i scussed ,  
2-5 STABILITY OF TWO-FLUID WHEEL FLOWS WITH AN IMPOSED UNIFORM 
AXIAL MAGNETIC FIELD 
C a r l  F. Monnin and John J. Reinmann 
Lewis Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 
Cleveland, Ohio 
The s t a b i l i t y  of  an incompressible  two-fluid wheel f low 
t o  i n £  i n i  t e s ima l  h e l i c a l  d i s  turbances i s  s tud ied .  The i n n e r  
f l u i d  i s  heavy and has  i n f i n i t e  e l e c t r i c a l  conduc t iv i ty ,  
whi le  the o u t e r  f l u i d  i s  l i g h t  and i s  nonconducting. An 
a x i a l  magnetic f i e l d  i s  e x t e r n a l l y  imposed on both f l u i d s .  
This conf igu ra t ion  may he viewed a s  a  Rayleigh-Taylor prob- 
l e m  i n  t h e  frame of t h e  r o t a t i n g  f l u i d  and i s  dynamically 
uns tab le .  Growth r a t e s  i n c r e a s e  with  i n c r e a s i n g  a x i a l  wave- 
length  and azimuthal  mode numbers, b u t  decrease  wi th  in -  
c r e a s i n g  a x i a l  magnetic f i e l d .  By i nc reas ing  the magnetic 
f i e l d  s u f f i c i e n t l y ,  the system can be made s t a b l e  t o  s h o r t  
a x i a l  wavelength d is turbances  f o r  any azimuthal mode. 
2-6 STABILITY CONSIDERATIONS FOR A TRANSPARENT WALL 
IN  A GASEOUS NUCLEAR ROCKET 
C. K ,  W e  Tam, D. B, 
Massachusetts  I n s t i t u t e  of Technology 
Cambridge, Massachusetts  
The s t a b i l i t y  of  i n f i n i t e s i m a l  d i s tu rbances  on an i n -  
v i s c i d ,  incompress ib le  model of c o a x i a l  f low around a  cy l -  
i n d e r  of s t a t i o n a r y  f l u i d  of d i f f e r i n g  d e n s i t y  s e p a r a t e d  by 
a  t h i n ,  f l e x i b l e  w a l l  i s  s tud ied .  The pinch mode of d i s -  
turbance i s  found t o  be the most uns tab le .  The w a l l  
s t r e n g t h ,  r e q u i r e d  t o  i n s u r e  t h a t  no d i s t u r b a n c e  w i l l  grow 
a long  t h e  boundary, i s  determined a s  a f u n c t i o n  of d e n s i t y  
r a t i o  and the dynamic p r e s s u r e  of the flow. A naamerical 
example i n d i c a t e s  t h a t  adequate s t r e n g t h  can be ob ta ined  
w i t h i n  t h e  t h i ckness  l i m i t  imposed by the h e a t  abso rp t ion  
c o n s t r a i n t  e x i s t i n g  i n  t h e  nuc l ea r  l i g h t  bu lb  concept  of a 
gaseous nuc l ea r  r o c k e t ,  b u t  t h e  margin i s  c l o s e  enough t o  
s u g g e s t  t h a t  other p o s s i b l e  a d d i t i v e  e f f e c t s  m e r i t  f u r t h e r  
a n a l y s i s .  
2-7 AN ACQUSTIC INSTABILITY DRIVEN BY ABSORPTION OF RADIATION I N  GASES* 
Michael J. Monsler 
AVCO-Everett Research Laboratory 
E v e r e t t ,  Massachusetts  
and 
Jack L. Kerrebrock 
Future  eng inee r ing  dev ices  f o r  p ropuls ion  and power 
gene ra t ion  may employ gases  a t  extremely h igh  tempera tures ,  
of  t h e  o r d e r  of 5 0 , 0 0 0 ~  Kelvin. I n  such a dev ice  thermal  
r a d i a t i o n  i s  l i k e l y  t o  he t h e  dominant energy t r a n s f e r  
mechanism, the energy be ing  r a d i a t e d  between d i f f e r e n t  
opaque r eg ions  of  t h e  gas  r a t h e r  than between w a l l s  con- 
t a i n i n g  a t r a n s p a r e n t  gas.  Now i n  o r d e r  t o  t r a n s f e r  such 
l a r g e  n e t  h e a t  f l u x e s ,  o r  t h e  o r d e r  of megawatts p e r  square  
cen t ime te r ,  ve ry  l a r g e  temperature  g r a d i e n t s  w i l l  be  involved ,  
perhaps  of the o r d e r  of ten-thousand degrees  p e r  cen t ime te r ,  
Such an extreme s t a t e  of nonequi l ibr ium may n o t  be  a t t a i n a b l e ,  
due t o  t h e  f a c t  t h a t  the s t a t e  of the gas may be u n s t a b l e  wi th  
r e s p e c t  t o  s m a l l  d i s tu rbances .  That  i s ,  t h e r e  may be condi- 
t i o n s  under which an i n f i n i t e s i m a l l y  small p e r t u r b a t i o n  such 
as a sound wave may cause  the s t a t e  of the system t o  change 
spontaneously  t o  some d i f f e r e n t  stable s ta te  . 
The cause  of such an i n s t a b i l i t y  may be e a s i l y  i l l u s -  
t r a t e d .  Consider a wave i n  a r a d i a t i n g  gas i n  which t h e  
o p a c i t y ,  o r  vo lume t r i c  abso rp t ion  c o e f f i c i e n t ,  of t h e  gas  i s  
an i n c r e a s i n g  f u n c t i o n  of temperature .  I f  a l a r g e  n e t  f l u x  
of r a d i a t i o n  i s  p r e s e n t  a l o c a l  i n c r e a s e  i n  temperature  w i l l  
*Submitted i n  p a r t i a l  f u l f i l l m e n t  of t h e  requirements  f o r  the 
degree of  Doctor of Philosophy a t  M.I.T., Cente r  f o r  Space 
Research,  Con t r ac t  No. NGR 22-889-019. 
l ead  t o  an inc rease  i n  opaci ty ,  which w i l l  cause more absorp- 
kion of the r a d i a t i v e  f l u x ,  The r e s u l t z n t  inc rease  i n  tihe 
heat ing  of t h e  gas w i l l  cause t h e  temperature t o  inc rease  
fur%her, leading t o  a  runaway s i t u a t i o n .  T h i s  phenomenon 
has been observed i n  experiments involving t h e  hea t ing  of a 
shock wave by a  l a s e r  beam, but  t h e r e  i s  a s  y e t  no experi-  
mental evidence of an i n s t a b i l i t y  of a  qu iescen t  gas heated 
by rad ia t ion ,  This cannot happen i n  a  uniform gas having no 
n e t  h e a t  f l u x ,  because then a region of temperature and opac- 
i t y  increase  w i l l  be a  n e t  emi t t ing  i n s t e a d  of absorbing 
region; the  energy excess w i l l  be r ad ia ted  away and equ i l ib -  
rium w i l l  be regained. 
There s e e m  t o  be t h r e e  f a c t o r s  which a r e  necessary t o  
t h i s  proposed mechanism f o r  t h e  ampl i f i ca t ion  of waves. 
F i r s t ,  t h e r e  must be a  source of r a d i a t i o n  p resen t  of higher  
temperature than t h e  medium support ing the  wave; second, t h e  
wave must be s u f f i c i e n t l y  opaque f o r  t h e  absorpt ion of radia-  
t i o n  t o  be a  s i g n i f i c a n t  source of energy; and t h i r d ,  t h e  
opaci ty  of t h e  gas must be an inc reas ing  funct ion  of tempera- 
t u r e  s o  t h a t  a  runaway e f f e c t  i s  poss ib le .  These considera- 
t i o n s  lead  t o  t h e  following very important ques t ions  which 
a r e  answered by this research ,  
( a )  A r e  t h e r e  any condit ions under which an i n f i n i t e s i -  
mally small  d is turbance ,  i. e . ,  an ordinary f l u c t u a t i o n  of 
t h e  gas,  can grow i n t o  one of these  r a d i a t i o n  dr iven  shock 
waves? 
(b)  How i s  the  c r i t e r i o n  f o r  wave grotcrth dependent upon 
such p roper t i e s  a s  t h e  f l u x  of r a d i a t i o n  o r  t h e  r a t e  of in-  
c rease  of opaci ty  with temperature? 
( c )  I f  such waves can grow i n  a  r a d i a t i n g  gas under 
what condi t ions w i l l  they cause a  given r a d i a t i o n  h e a t  t rans-  
f e r  problem t o  n o t  have a  s t a b l e  steady-s t a t e  so lu t ion?  
A s teady-s ta te  h e a t  t r a n s f e r  problem i s  set  up i n  which 
energy i s  t r a n s f e r r e d  from a h o t  wa l l  t o  a  coo le r  wa l l  by 
thermal r a d i a t i o n ,  The gas i s  assumed t o  be a p e r f e c t  gas 
i n  l o c a l  Uzemodynamic equilibrium. Molecular h e a t  conduc- 
t i o n  and v i s c o s i t y  a r e  ignored and a  one-dimensional geometry 
is assumed. The r a d i a t i o n  p r e s s u r e  and energy d e n s i t y  are 
neglected.  An o p a c i t y  is  asswmed which is an average over 
photon f r equenc ie s ,  b u t  which depends on temperature  and 
pressure .  The s t a t i o n a r y  gas  of  a r b i t r a r y  o p t i c a l  dep th  i s  
contained between two b lack  w a l l s  of c o n s t a n t  temperature .  
W e  then ask what a r e  t h e  f l u c t u a t i o n s ,  o r  n a t u r a l  o s c i l l a -  
t i o n s  of this s t eady  nonun i fom r a d i a t i n g  gas. 
The equa t ions  of motion f o r  t h e  f l u c t u a t i o n s  of a r ad i -  
a t i n g  gas  a r e  de r ived  through t h e  u s u a l  l i n e a r i z e d  per turba-  
t i o n  a n a l y s i s  of t h e  equa t ions  of unsteady compress ible  gas  
dynamics. The r e s u l t  i s  a p a r t i a l  d i f f e r e n t i a l  equa t ion  
(having spatially va ry ing  c o e f f i c i e n t s )  which is  f o u r t h  order 
i n  space and t h i r d  o r d e r  i n  t i m e  which governs t h e  behavior  
of  t h e  o s c i l l a t i o n s .  
The de t e rmina t ion  of  the  normal modes of o s c i l l a t i o n  of 
t h i s  gas  r e q u i r e s  t h e  s o l u t i o n  t o  an e igenva lue  problem, t h e  
e igenva lues  be ing  t h e  al lowed complex f r equenc ie s  s e l e c t e d  
by t h e  boundary cond i t i ons .  The wave equa t ion  wi th  va ry ing  
c o e f f i c i e n t s  i s  so lved  by t h e  WKB method. A computer program 
f i n d s  t h e  r o o t s  of  t h e  de te rminant  which r e s u l t s  a f t e r  a p p l i -  
c a t i o n  of boundary condi t ions .  The complex r o o t s ,  t h e  p a r t s  
of which a r e  the frequency of o s c i l l a t i o n  and t h e  damping o r  
growth rates, are found i n  t h e  form of a r o o t  locus  a s  a 
func t ion  of i n c r e a s i n g  n e t  h e a t  f l u x .  An example i s  given i n  
F igure  1. 
I t  i s  found t h a t  t h e r e  e x i s t s  a  c r i t i c a l  h e a t  f l u x  below 
which t h e  gas  i s  s t a b l e .  Fa r  l a r g e r  n e t  h e a t  f l u x e s  than 
this c r i t i c a l  va lue  a  mode of o s c i l l a t i o n  w i l l  grow exponen- 
t i a l l y  wi th  t i m e ,  i n d i c a t i n g  t h a t  t h e  given r a d i a t i v e  h e a t  
t r a n s f e r  problem does n o t  have a stable s o l u t i o n .  
Conclusions 
The broad f e a t u r e s  of  t h e  proposed mechanism of  an in -  
s t a b i l i t y  d r iven  by abso rp t ion  of r a d i a t i o n  i n  a gas  have 
been confirmed by t h e  r e s u l t s  of an e igenva lue  problem, 
which may be summarized as fol lows.  
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maximum p o s s i b l e  n e t  r a d i a t i v e  hea t  f l u x  i n  a problem ts a 
va lue  which can  be s ~ s t a n t i a l l y  lower khan t h a t  p r e d i s t e d  
by the u s u a l  s t eady- s t a t e  h e a t  t r a n s f e r  a n a l y s i s .  
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2-8 GAS-CORE NUCLEAR ROCKET CONCEPT WITH FUEL SEPARATION 
BY MHD-DRIVEN ROTATION 
Chul Park and Wendell L. Love 
A m e s  Research Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Mof fe t t  F i e l d ,  C a l i f o r n i a  
A mixture  of two gases  wi th  d i f f e r i n g  molecular  weight  
can be s e p a r a t e d  by t h e  c e n t r i f u g a l  f o r c e  developed i n  a 
s o l i d  body-like r o t a t i o n  (Ref. 1) . There are conceivably a t  
l e a s t  t h r e e  d i f f e r e n t  methods of app ly ing  t h e  c e n t r i f u g e  
p r i n c i p l e  t o  a gas-core n u c l e a r  r o c k e t  i n  which t h e  l i g h t .  
p r o p e l l a n t  gas  must be  s e p a r a t e d  from t h e  heavy f u e l  gas  
(Fig 1) . The f i r s t  proposed scheme (see, e .g., Ref. 2 )  is 
t o  induce t h e  gas  r o t a t i o n  hy t h e  t a n g e n t i a l  i n j e c t i o n  of t h e  
p r o p e l l a n t  gas  i n t o  t h e  n u c l e a r  r e a c t o r  c a v i t y  (Fig .  l ( a )  ) . 
According t o  Ref. 2 ,  t h i s  con f igu ra t ion  has  been proved t o  
develop i n t o  a v o r t e x  f low which does n o t  o p e r a t e  favorab ly  
a s  a c e n t r i f u g e .  The second conceivable  i d e a  i s  t o  r o t a t e  
the c a v i t y  chamber mechanical ly  (Fig.  1 (b) ) . Because the 
c e n t r i p e t a l  a c c e l e r a t i o n  i n  such a dev ice  would exceed 
1,000,000 g 8 s ,  it would be  necessary  t o  apply a gas  p r e s s u r e  
of a t  l e a s t  10,000 atmospheres on t h e  o u t s i d e  w a l l  of the 
c a v i t y  chamber t o  reduce t h e  hoop stresses i n  t h e  r o t a t i n g  
w a l l  t o  a workable l e v e l .  The f r i c t i o n  l o s s  a t  t h e  o u t s i d e  
s u r f a c e  o f  the r o t a t i n g  w a l l  then  becomes p r o h i b i t i v e l y  
l a r g e ,  i .e . , an o r d e r  of magnitude g r e a t e r  than  the PJIHD- 
d r iven  r o t a t i o n  d e s c r i b e d  below, which t h e r e f o r e  renders  the 
scheme imprac t i ca l .  I n  the t h i r d  p o s s i b l e  scheme, t h e  JxB 
f o r c e  acts on t h e  gas  i n  t h e  reg ion  nea r  t h e  c y l i n d r i c a l  w a l l  
o f  t h e  c a v i t y  t o  d r i v e  the flow i n  a r o t a t i n g  motion (Fig .  
l ( c ) ,  Ref, 3 ) ,  T h i s  b%ird  scheme i s  f r e e  sf the above i m -  
pediments,  and &leref ore war ran ts  f u r t h e r  s tudy .  Thz p r e s e n t  
FIG. 1 CENTRIFUGAL SPECIES SEPARATION SCHEMES FOR 
GAS-CORE NUCLEAR ROCKET. (a) FLUID INJECTION 
TYPE, (b) MECHANICAL ROTATION TYPE, (c) 
MHD-CENTRIFUGE 
paper  d e s c r i b e s  t h e  r e s u l t s  of a p re l imina ry  experiment aimed 
a t  t e s t i n g  t h e  e f f e c t i v e n e s s  of t he  MHD-centrifuge scheme i n  
c r e a t i n g  a concen t r a t i on  v a r i a t i o n  and d i s c u s s e s  t h e  p r o j e c t e d  
performances and t h e  problems a s s o c i a t e d  wi th  it. 
A p re l imina ry  s tudy  on t h e  f e a s i b i l i t y  of t h e  MHD- 
c e n t r i f u g e  scheme f o r  s e p a r a t i n g  two gases  has  been c a r r i e d  
o u t  a t  Ames Research Center (Ref. 3 ) .  The appara tus  was 
designed wi th  the o b j e c t i v e  of a t t a i n i n g  a r o t a t i o n a l  motion 
of t h e  gas  which approaches as n e a r l y  as p o s s i b l e  t h a t  of 
solid-body r o t a t i o n  when t h e r e  i s  no f low i n  the a x i a l  d i r e c -  
t i o n  a long t h e  c e n t e r l i n e .  By apply ing  t h e  Lorentz f o r c e  
r e s u l t i n g  from t h e  i n t e r a c t i o n  of a r a d i a l  magnetic f i e l d  of 
about  0.2 t e s l a  and an a x i a l  e l e c t r i c a l  c u r r e n t  of approxi-  
mately 2000 amperes, a  s i g n i f i c a n t  r o t a t i o n a l  speed w a s  
achieved i n  t h e  mixture  of  xenon and helium. The r o t a t i o n  of 
t h e  gas ,  evidenced by a t h ree - fo ld  d i f f e r e n c e  i n  pxessure  
between t h e  c e n t e r l i n e  r eg ion  and t h e  w a l l  s u r f a c e ,  was 
accompanied by a measurable degree  of  s e p a r a t i o n  between t h e  
xenon and helium. The r a t i o  of enr ichment  of the heavy 
s p e c i e s  n e a r  t h e  w a l l  was determined s p e c t r o s c o p i c a l l y  t o  he 
around 2. Within t n e  u n c e r t a i n t y  expected of this pre l imi -  
nary tes t ,  the exper imenta l  r e s u l t  seemed t o  f e l l ow t h e  
t h e o r e t i c a l  p r e d i c t i o n .  A f u r t h e r  exper iment  i s  planned t o  
determine t h e  e f f e c t  of t h e  a x i a l  f low motion on t h e  degree  
of concen t r a t i on  enrichment.  
Assuming t h a t  t h e  b a s i c  MHD-centrifuge hypothes i s  is 
v a l i d  and a l s o  that  the  a x i a l  f low does  n o t  a f f e c t  t h e  per-  
formance, f e a s i b i l i t y  of a p ro to type  n u c l e a r  rocke t  is  
s t u d i e d  he re ,  The schemat ic  and t h e  o p e r a t i n g  c h a r a c t e r i s -  
t i c s  of  t h e  r o c k e t  o p e r a t i n g  on t h e  MHD-centrifuge p r i n c i p l e  
i s  shown i n  Fig .  2 and i n  Table 1. The c a v i t y  i s  t y p i c a l l y  
6 meters i n  diameter  and 6 meters long.  The r a d i a l l y  o r i -  
e n t e d  magnet ic  f i e l d  i s  produced by a p a i r  of  c ryogenica l ly -  
cooled magnet c o i l s  and has  a s t r e n g t h  of around 0.5 t e s l a  
nea r  the c a v i t y  w a l l .  The magnets draw n e g l i g i b l e  amaunt of 
power, which can be powered from t h e  same source  t h a t  sup- 
p l i e s  t h e  e l e c t r o d e  c u r r e n t s  o r  from a s e p a r a t e  power supply.  
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FIG. 2 SCHEMATIC OF GAS-CORE NUCLEAR ROCKET CAVITY 
CHAMBER WITH SPECIES SEPARATION BY MHD-DRIVEN 
ROTATION 
T o t a l  e l e c t r i c a l  c u r r e n t  of around 15,000 amperes f lows 
through 180 p a i r s  c f  segmented e l e c t r o d e s .  The p r e s s u r e  i s  
around 18  amosphe res  a t  t h e  c e n t e r l i n e  and 28 atmospheres 
a t  t h e  w a l l ,  t h e  maximum t a n g e n t i a l  r o t a t i o n  v e l o c i t y  be ing  
around 1.8 km/sec. The p r o p e l l a n t  gas  i s  in t roduced  a long  
%he c e n t e r l i n e  o f  the c a v i t y  and flows through t h e  c e n t e r  of  
t h e  c a v i t y  a t  a Pow v e l o c i t y .  The p r o p e l l a n t  gas  absorbs  
h e a t  from the f u e l  gas  p r i m a r i l y  through r a d i a t i o n  and, t o  a 
lesser e x t e n t ,  by convection.  The r a d i a t i v e  t r a n s f e r  of 
energy t o  t h e  hydrogen i s  enhanced by t h e  r a d i a t i v e  coupl ing  
between t h e  uranium i n  t h e  f u e l  r eg ion  and the smal l  amount 
of  uranium (about  0.0002 mole f r a c t i o n )  which has  d i f f u s e d  
i n t o  t h e  hydrogen a t  t h e  c e n t e r l i n e  r eg ion  of t h e  c a v i t y ,  
The temperature  v a r i e s  from around 10,000oK a t  i t s  peak nea r  
=the c y l i n d r i c a l  w a l l  t o  around 600O0~ a t  t h e  c e n t e r l i n e ,  
which corresponds t o  a s p e c i f i c  impulse of around 1500 s e c ,  
The t h r u s t  of  t h e  r o c k e t  is  t y p i c a l l y  5 t o n s ,  
The o v e r a l l  system i s  shown schema t i ca l ly  i n  Fig.  3 .  
The l i q u i d  hydrogen f lows f i r s t  through t h e  superconduct ing 
magnet c o i l s ,  main ta in ing  them a t  c ryogenic  temperatures .  
The l i q u i d  hydrogen i s  then p r e s s u r i z e d  by a b o o s t e r  pump t o  
a p r e s s u r e  of around 1640 atmospheres be fo re  i t  e n t e r s  t h e  
heat-exchanger comprising t h e  modera tor - re f lec tor  w a l l  of  
t h e  cav i ty .  The h o t  gas  emerging from t h e  heat-exchanger 
d r i v e s  t h e  f i r s t - s t a g e  t u r b o - e l e c t r i c  gene ra to r  "chat s u p p l i e s  
h a l f  t h e  r e q u i r e d  MHD-power. The p r e s s u r e  i s  around 107 
abnospheres a t  the exhaus t  of t h e  f i r s t - s t a g e  tu rb ine .  The 
exhaus t  i s  f a d  aga in  i n t o  t h e  heat-exchanger t o  d r i v e  t h e  
second-stage t u r b i n e .  I t  i s  e s t ima ted  "chat by employing a 
2-stage t u r b o - e l e c t r i c  g e n e r a t o r  system, a l l  r equ i r ed  MHD- 
power can be ob ta ined .  The power recla imed by t h e  turbo- 
gene ra to r s  r e p r e s e n t s  only 3% of t h e  energy t r a n s m i t t e d  t o  
t h e  w a l l ;  however, t h e  remaining 97% of h e a t  e n t e r i n g  t h e  
c a v i t y  s t r u c t u r e  i s  removed through a l iqu id-meta l  coo l ing  
system which exhaus t s  i t s  energy through a r a d i a t o r  which i s  
a t  leas t  1 2 0 0 " ~  s u r f a c e  temperature.  A f r a c t i o n  of t h e  r a d i -  
a t e d  power can be recovered by an a u x i l i a r y  power q e n e r a t o r  
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FIG. 3 SCHEMATIC OF POWER SUPPLY SYSTEM OF A PROTOTYPE 
GAS-CORE NUCLEAR ROCKET WITH FUEL SEPARATION BY 
MHD-DRIVEN ROTATION 
system which s u p p l i e s  power i n  t h e  s t a r t i n g  p roces s  and a l s o  
d r i v e s  other u t i l i t i e s .  
Table 1 shows t h e  estimated power and weight  breakdown 
of a t y p i c a l  MHD-centrifuge gas-core nue l ea r  r o c k e t .  The 
performance f i g u r e s  i n  the t a b l e  a r e  de r ived  from t h e  
fo l lowing  assumptions: 
(1) The h e a t - t r a n s f e r  e f f i c i e n c y  of t h e  r o c k e t  chamber 
i s  17%,  i , e , ,  17% of the f i s s i o n  energy is  t r a n s f e r r e d  
d i r e c t l y  i n t o  t h e  p r o p e l l a n t  gas  i n  t h e  c a v i t y  chamber. An 
a d d i t i o n a l  3% of t h e  energy i s  added i n  t h e  r e g e n e r a t i v e  pre-  
h e a t i n g ,  making t h e  t o t a l  h e a t i n g  e f f i c i e n c y  20%. 
( 2 )  The w a l l  f r i c t i o n  c o e f f i c i e n t  i s  1.5 t i m e s  t h a t  i n  
a  f u l l y  developed t u r b u l e n t  p i p e  flow. 
(3)  The w a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  i n c l u d i n g  t h e  
r a d i a t i v e  t r a n s f e r  i s  tw ice  that of a  f u l l y  developed turbu-  
l e n t  p i p e  flow. 
( 4 )  The r a d i a t o r  system weighs 15 kg p e r  squa re  meter 
of  r a d i a t o r  area ( see ,  e. g. , R e f .  4 )  . 
(5)  The c a v i t y  w a l l  s t r u c t u r e  comprising t h e  moderator- 
r e f  l e c t o r  is  1 meter t h i c k ,  i t s  average s p e c i f i c  g r a v i t y  
be ing  5 (bery l l ium oxide  moderator wi th  heavy metal r e in -  
forcement,  see Ref. 5 ) .  
( 6 )  The t u r b o - e l e c t r i c  gene ra to r  system w e i  2  kg 
p e r  k i l o w a t t  of ou tpu t .  
A s  i n d i c a t e d  i n  t h e  t a b l e ,  t h e  r e s u l t i n g  o v e r a l l  t h r u s t  
t o  weight  r a t i o  i s  around 1:160. The f i r s t  3 assumptions 
l i s t e d  above are c r i t i c a l  i n  t h e  performance estimate, and 
t h e r e f o r e  r e sea rch  should be d i r e c t e d  t o  r e s o l v e  t h e s e  three 
q u e s t i o n s  . An exper imenta l  dev ice  o r i e n t e d  toward answering 
t h e s e  unknowns i s  c u r r e n t l y  be ing  designed a t  A m e s  Research 
Cente r  . 
Dimension and Performance 
Cavi ty  l eng th  
Weight of uranium conta ined  
S p e c i f i c  impulse 
Thrus t  
Thrus t-to-weight r a t i o  
P re s su re  a t  c a v i t y  w a l l  
Temperature o f  hydrogen a t  c e n t e r  
Peak temperature  of uranium 
Concentra t ion of  uranium a t  c e n t e r  
Concentra t ion o f  uranium a t  w a l l  
Hydrogen-to-uranium mass f low r a t i o  
T o t a l  mass f low rate 
e n t i a l  r o t a t i o n  v e l o c i t y  
er of uranium a t  peak v e l o c i t y  
MHD C h a r a c t e r i s t i c s  
t r e n g t h  a t  w a l l  
Number of  e l e c t r o d e  p a i r s  
E lec t rode  c u r r e n t  t o  i n d i v i d u a l  e l e c t r o d e s  
T o t a l  e l e c t r i c a l  c u r r e n t  
Voltage g r a d i e n t  
Anode- to-cathode o v e r a l l  v o l t a g e  
Heat Trans fe r  C h a r a c t e r i s  t ics 
Peak temperature  i n  r e g e n e r a t i v e  s y s  t e m  
Peak temp. i n  l iqu id-meta l  coo l ing  system 
Radia tor  s u r f  ace temperature  
Wall h e a t - t r a n s f e r  rate 
Radia tor  a r e a  
Power 
Power d i s s i p a t e d  i n  w a l l  f r i c t i o n  
MHD a r c  power 
Booster  pump 
Iqagne t 
Power genera ted  by t u r b o - e l e c t r i c  sys t e m  
Power t r a n s m i t t e d  t o  p r o p e l l a n t  
Power t r a n s m i t t e d  t o  w a l l  
Power r a d i a t e d  
T o t a l  power genera ted  by f i s s i o n  
Cavi ty  structure,moderator-reflector system 
Cryogenic magnet s y s  tem 
Turbo-e l ec t r i c  g e n e r a t o r  s y s  tern 
Radia tor  s y s  tern 
T o t a l  weight  of engine 
ti m 
6 rn 
10, 2 K g  
1470 s e e  
5.4 t on  
1/16 1 
0 .5  t e s l a  
180 
84  amp 
15200 amp 
8.9 volt /cm 
5350 v o l t  
368 tons  
36 tons  
80 t ons  
394 tons  
878 t o n s  
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3-1 CURRENT STATUS OF THE ANALYSIS OF THE OPTICAL SPECTRA OF URANIUM* 
David W e  Steinhaus,  Leon J, Radziemski, Jr., 
and Robert D. Cowan 
Los Alamos s c i e n t i f i c  Laboratory 
Los Alamos, New Mexico 
uranium has one of t h e  most complex o p t i c a l  s p e c t r a  of  
any element. I t  is est imated t h a t  over  300,000 l i n e s  of U I 
and U I1 can be observed and measured wi th  modern, high- 
r e s o l u t i o n  apparatus.  New high-resolut ion spec t roscopic  sys- 
t e m s  and rap id  p rec i s ion  data-reduct ion techniques a r e  be- 
ing  used a t  t h i s  labora tory  t o  produce a new d e s c r i p t i o n  of 
t h e  uranium spec t ra .  The p resen t  l i n e  l i s t  contains  informa- 
t i o n  on about 25,000 l i n e s ,  of which 13,000 have a wave num- 
ber  accuracy b a t t e r  than 0.01 c m - l ,  About 10,000 l i n e s  have 
been c l a s s i f i e d  t o  1130 l e v e l s  of U I and U 11, bu t  only a 
few of t h e  l e v e l s  have been assigned t o  an e l e c t r o n  configu- 
r a t i o n ,  Although t h e  numbers of c l a s s i f i e d  l i n e s  and l e v e l s  
appear l a r g e ,  much experimental  work remains t o  be done before  
adequate desc r ip t ions  of t h e  uranium s p e c t r a  e x i s t .  Some the- 
o r e t i c a l  c a l c u l a t i o n s  have been made of t h e  energy l e v e l  s t ruc -  
t u r e  of t h e  low-lying conf igura t ions  of U I through U V I .  
Agreement wi th  known experimental  l e v e l s  of U I and U I1 is 
reasonably good f o r  t h e  lower l e v e l s .  These c a l c u l a t i o n s  
l ead  t o  i o n i z a t i o n  p o t e n t i a l s  f o r  U I through U V, which a r e  
respect ive ly :  6.254-  0.5, l0.8C1, - l8.9+1, - 32+2, - and 47+2 - v o l t s .  
Both t h e o r e t i c a l  and experimental  work a r e  cont inuing,  and 
w i l l  provide a g r e a t l y  expanded a n a l y s i s  of t h e  o p t i c a l  spec- 
t r a  of uranium, 
er t h e  auspices of t he  U,S, Atomic Energy 
Commission. 
3-2 STATUS OF OPACITY CALCULATIONS FOR APPLICATION TO 
URANIUM-FUELED GAS-CORE REACTORS 
Re W, Patch 
Lewi s  Research Center 
Nat ional  Aeronautics and Space Administration 
Cleveland, Ohio 
I n  t h e  gas-core r e a c t o r  concept,  t h e  working f l u i d ,  which 
i s  always a gas ,  is heated by thermal r a d i a t i o n  from a h o t ,  
f i s s i o n i n g  uranium plasma loca ted  i n  t h e  cen te r  of a chamber, 
I f  t h e  r e a c t o r  i s  p a r t  of a rocket  engine,  t h e  optimum work- 
ing  f l u i d  is  hydrogen because i t s  low molecular weight con t r i -  
butes  t o  a high s p e c i f i c  impulse when t h e  hydrogen i s  expanded 
through an exhaust  nozzle,  Unfortunately,  hydrogen is n o t  suf -  
f i c i e n t l y  opaque a t  temperatures below 600Q°K t o  prevent  exces- 
s i v e  thermal r a d i a t i o n  from reaching t h e  chamber wa l l s  and 
causing excess ive  w a l l  heat ing.  Hence t h e  hydrogen i s  seeded 
with some mate r i a l  t o  increase  its opaci ty,  To assess  t h e  
f e a s i b i l i t y  of  t h e  gas-core r e a c t o r  concept,  t h e  o p a c i t i e s  of 
hydrogen, seeds and uranium plasma must be ca lcu la ted ,  This 
gaper is  a review of such work, 
A l a r g e  number of opaci ty  c a l c u l a t i o n s  have been done f o r  
hydrogen, Recently I have performed c a l c u l a t i o n s  f o r  p ressu re  
from 100 t o  1000 atm, and temperatures from 1667 t o  50,000°K, 
tak ing  i n t o  account 15 absorpt ion processes and using t h e  l a t -  
est and most r e l i a b l e  composition ca lcu la t ions ,  The r e s u l t s  
are probably accura te  t o  wi th in  a f a c t o r  of four  f o r  reasons 
t h a t  a r e  ou t l ined ,  
The m o s t  promising seeds a r e  small  p a r t i c l e s  of s i l i c o n ,  
carbon, o r  tungsten,  Opaci t ies  of t h e  s m a l l  p a r t i c l e s  have 
been ca lcu la ted  by I t rasce l la ,  (Ref, l), A t  high enough tem- 
pe ra tu re ,  t h e  small  particles e i t h e r  vaporize o r  r e a c t  chemi- 
c a l l y  with hydrogen, d r a s t i c a l l y  changing t h e i r  opaci ty ,  The 
opaci ty  of tungsten vapor has  been ca lcu la ted  a t  United A i r -  
c r a f t  (Ref. 2 ) .  The opaci ty  of  t h e  r eac t ion  products of car -  
bon and hydrogen has been ca lcu la ted  by Main (Ref, 3 ) ,  These 
a r e  both order  of magnitude c a l c u l a t i o n s ,  
The opaci ty  of uranium was ca lcu la ted  by Parks,  Lane, 
Stewart ,  and Peyton, (Ref, 4 )  , based on x-ray energy l e v e l s  
and ab i n i t i o  energy l e v e l  c a l c u l a t i o n s  performed by Waber, 
Csomer, and Liberman (Ref. 5 ) .  Comparison with a r c  s p e c t r a  
i n d i c a t e s  t h e  need f o r  adjustment of two energy l e v e l s  i n  
Park ' s  theory,  b u t  t h e  o r i g i n a l  o p a c i t i e s  should be accura te  
t o  wi th in  a f a c t o r  of 10. 
The opaci ty  c a l c u l a t i o n s  descr ibed above a r e  probably 
accura te  enough t o  a s sess  t h e  f e a s i b i l i t y  of a uranium-fueled 
gas-core r e a c t o r ,  bu t  t h e  confidence l e v e l  i s  n o t  y e t  s a t i s -  
fac tory .  
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3-3 CONDITIONS FOR LOCAL THERMODYNAMIC EQUILIBRIUM IN URANIUM 
W, G. V u l l i e t  and T. N, D e l m e r  
Gulf General Atomic, Inc,  
San ~ i e g o ,  Ca l i fo rn ia  
Poss ib le  e f f e c t s  on uranium o p a c i t i e s  due t o  non Local 
Thermodynamic Equilibrium (LTE) populations of bound s t a t e s  
a r e  inves t iga ted .  The simple model used t o  c a l c u l a t e  t h e  
p e r t i n e n t  atomic parameters i s  descr ibed,  Although t h e  model 
is  capable of giving only q u a l i t a t i v e  r e s u l t s ,  it gives esti- 
mates of s i t u a t i o n s  where a uranium plasma w i l l  show devia- 
t i o n s  from thermodynamic equilibrium. Temperatures and den- 
sities a t  which t h e s e  devia t ions  become s i g n i f i c a n t  a r e  given. 
Some cases  where non LTE e f f e c t s  are important a r e  discussed 
i n  d e t a i l  and t h e  LTE values of t h e  opaci ty  and source func- 
t i o n  a r e  compared t o  t h e  c o r r e c t  values.  
3-4 BOBLING POiNT OF URANIUM 
A, G. Rand01 111 
Chesson, F o r r e s t  & Holland 
Baton Rouge, Louisiana 
and 
R, T, Schneider and C, D. Kyls t ra  
Universi ty  of  F lor ida  
Gainesvi l le  , Flor ida  
Current techniques f o r  b o i l i n g  p o i n t  determinat ions r e l y  
on ex t rapo la t ions  of low temperature vapor pressure  d a t a  (usu- 
a l l y  c o l l e c t e d  below 2500°X) through t h e  Clausius-Clapeyron 
equation. Since t h e  temperature l i m i t a t i o n  i s ,  i n  most cases ,  
d i f f i c u l t  t o  overcome, it i s  necessary t o  r e l y  heavi ly  on in-  
d i r e c t  methods f o r  t h e  evalua t ion  of b o i l i n g  points .  Under 
s p e c i a l  environment condi t ions t h e r e  i s  evidence t h a t  an i n t e r -  
p r e t a t i o n  of uranium plasma e l e c t r i c a l  c h a r a c t e r i s t i c s  can lead 
t o  reasonable e s t ima tes  of the  b o i l i n g  point .  
The device used t o  generate  t h e  uranium plasma, t h e  Uni- 
v e r s i t y  of F lo r ida  high pressure  uranium a r c ,  is descr ibed,  
De ta i l s  of t h e  e l e c t r i c a l  power, cool ing,  high pressure ,  gas ,  
and d a t a  a c q u i s i t i o n  systems a r e  given. 
A modif icat ion of t h e  Nottingham equat ion f o r  e l e c t r i c  
a r c  p o t e n t i a l  versus c u r r e n t  is  presented. The app l i ca t ion  
of t h i s  a r c  e l e c t r i c a l  c h a r a c t e r i s t i c s  model is  discussed i n  
t e r m s  of t h e  determinat ion of t h e  b o i l i n g  p o i n t  of t h e  uranium 
anode. The evaluated b o i l i n g  po in t s  of uranium between l atmos- 
phere and 7 atmospheres are compared with t h e  ex t rapo la t ions  
af other authors, 
3-5 SPECTROSCOPIC STUDY OF A URANIUM ARC PLASMA 
I%. D, C m p b e l l ,  Re T, Schneider ,  C. D. K y l s t r a  
Un ive r s i t y  of  F l o r i d a  
G a i n e s v i l l e ,  F l o r i d a  
and 
A. G, Kandol I11 
Chesson, F o r r e s t  and Holland 
Baton Rouge, Louis iana 
This  paper  r e p o r t s  on measurements of t empera tures ,  
p a r t i c l e  d e n s i t i e s ,  emiss ion and abso rp t ion  c o e f f i c i e n t s  of 
a uranium a r c .  The mot iva t ion  f o r  t h i s  r e s e a r c h  i s  t o  ac- 
q u i r e  fundamental knowledge of t h e  p h y s i c a l  p r o p e r t i e s  of 
uranium plasmas which w i l l  i n  t u r n  e v e n t u a l l y  l e a d  t o  t h e  
des ign  of  a s e l f - s u s t a i n i n g  f i s s i o n i n g  plasma, 
The  arc i s  genera ted  i n  a h igh  p r e s s u r e  ce l l  capable  of  
w i th s t and ing  p r e s s u r e s  up t o  100 atmospheres, The c u r r e n t  
pas se s  between a tungs t en  p i n  cathode and a uranium p e l l e t  
anode. A cover  gas of helium i s  used and s u b s t a n t i a l  vapor- 
i z a t i o n  o f  uranium t a k e s  p l a c e  as t h e  p e l l s t  t empera ture  
r i s e s  and t h e  a r c  s t a b i l i z e s ,  The atomic c h a r a c t e r i s t i c s  of  
t h e  helium and uranium a r e  sach  t h a t  t h e  emi t t ed  l i n e  r ad i -  
a t i o n  o r i g i n a t e s  p r i m a r i l y  from s ing ly- ion ized  uranium. 
Spec t roscopic  d i a g n o s t i c s  were used tnroughout  t h e  inves- 
t i g a t i o n .  S e v e r a l  methods of temperature  de te rmina t ion  were 
employed i n c l u d i n g  Boltzmann p l o t s ,  r e l a t i v e  l i n e  i n t e n s i t i e s  
and b r i g h t n e s s  e m i s s i v i t y  methods, Although t h e r e  a r e  d i f f i -  
c u l t i e s  a s s o c i a t e d  wi th  each  method a l l  temperature  measure- 
ments w e r e  found t o  l i e  i n  t he  range of 7500-12,000°K, 
The measurements of emission and absorpt ion c o e f f i c i e n t s  
of t h e  plasma w e r e  taken over t h e  pressure  range of 3-15 
atmospheres and c u r r e n t  range of approximately 15-50 amperes, 
The corresponding p a r t i a l  pressure of uranium over t h i s  range 
w a s  es t imated t o  be 0.1 - 0,5 atmospheres. 
3-6 URANIUM PLASMA OPACITY MEASUREMENTS* 
M. H, M i l l e r ,  T, D, Wilkerson 
and D, W, Koopman 
I n s t i t u t e  f o r  F lu id  Dynamics and Applied Mathematics 
University of Maryland 
College Park, Mary land 
0 
Absolute o p a c i t i e s  of uranium plasmas (2800-8800 A) a r e  
measured using a gas dr iven shock tube  (Ref, l ) ,  Temperatures 
(7500-12,000°K) and p a r t i a l  pressures  (1/50 - 1/5 atmos,) ap- 
proach those  a n t i c i p a t e d  a t  t h e  hydrogen-uranium i n t e r f a c e  
of proposed gaseous core  nuclear  r eac to r s .  A t  t hese  condi t ions  
uranium ( U X ,  UII, U111) is  e s s e n t i a l l y  t h e  only spectroscopic-  
a l l y  a c t i v e  c o n s t i t u e n t  of shock tube test  gases composed of 
0,2 - 2,0% UF6 i n  neon (Ref. 2 ) ,  Absolute o p a c i t i e s  a t  5000 
0 
A a r e  measured p h o t o e l e c t r i c a l l y  both i n  emission and i n  ab- 
sorp t ion .  T i m e  resolved photographic recording was used t o  
determine t h e  v a r i a t i o n  of opaci ty  with wavelength, V i s i b l e  
o p a c i t i e s  a r e  2-5 t imes smaller  than t h e o r e t i c a l  p red ic t ions  
(Ref. 3 ) ,  depending on plasma s t a t e ,  T h e  r e l a t i v e  contr ibu-  
t i o n  t o  t h e  opaci ty  from t h e  continuum appears t o  be t e n f o l d  
g r e a t e r  than predic ted ,  The v a r i a t i o n  of opaci ty  with wave- 
0 
l ength  w a s  found t o  f i t  theory w e l l  between 4000-8800 A, bu t  
observed o p a c i t i e s  decreased r a p i d l y  i n  t h e  UV whereas theory 
p r e d i c t s  they should increase  s t rong ly ,  
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3-7 GENERATION OF A FlSSlONlNG PLASMA 
C. D. Kyls t ra  and R. T. Schneider 
Universi ty  of F lo r ida  
Gainesvi l le ,  F lo r ida  
The r a d i a t i o n  and t r a n s p o r t  p r o p e r t i e s  of a  uranium plasma 
a r e  cu r ren t ly  being measured and ca lcu la ted  by s e v e r a l  research 
teams. Usually, l o c a l  thermal equi l ibr ium i s  assumed. However, 
when f i s s i o n s  occur,  t h e  high energy (65 t o  L O O  Mev) f i s s i o n  
products w i l l  cause extens ive  i o n i z a t i o n  and e x c i t a t i o n  of a  
nonequilibrium nature.  The r e s u l t a n t  plasma r a d i a t i o n  prop- 
erties a r e  unknown and p r a c t i c a l l y  impossible t o  c a l c u l a t e ,  
 his paper desc r ibes  t h e  prel iminary c a l c u l a t i o n s  and an exper- 
imental  device t o  be used t o  i n v e s t i g a t e  t h e  e f f e c t s  of f i s s i o n  
products on a uranium plasma. Experiments w i l l  be conducted 
f o r  both "pure" uranium plasmas and uranium plasmas contain- 
i n g  cover gases ,  such a s  argon o r  helium. 
4-1 NEUTRON KINETICS OF CAVITY REACTORS 
Walter N, Podney 
Harold P. Smith, Jr. 
Un ive r s i t y  of C a l i f o r n i a  
Davis, C a l i f o r n i a  
A theory  is  p re sen ted  t h a t  d e s c r i b e s  power l e v e l  va r i a -  
t i o n  i n  a c a v i t y  r e a c t o r  produced by d e n s i t y  changes i n  t h e  
gaseous n u c l e a r  f u e l  w i t h i n  t h e  c a v i t y ,  The e f f e c t s  of  a 
d e n s i t y  change are accounted f o r  i n  t e r m s  of  a  c a v i t y  grey- 
n e s s ?  which is t h e  r a t i o  of  t h e  n e t  thermal  neu t ron  c u r r e n t  
t o  t h e  thermal  neu t ron  f l u x  a t  t h e  c a v i t y  w a l l .  The n u c l e i  
of  t h e  f i s s i o n a b l e  gas  i n  t h e  c a v i t y  a r e  assumed t o  under- 
go f i s s i o n  only  by thermal  neu t rons ,  t o  n e i t h e r  moderate nor  
absorb  f a s t  neu t rons ,  and t o  b e  pure ly  absorbing f o r  thermal  
neu t rons ,  F a s t  neu t rons  r e l e a s e d  by f i s s i o n  and by delayed- 
neu t ron  p recu r so r s  l e a v e  t h e  c a v i t y ,  a r e  moderated t o  thermal  
energy i n  t h e  r e f l e c t o r ,  and d i f f u s e  monoenerget ical ly  t he re -  
a f t e r  u n t i l  t hey  l e a k  from t h e  r e f l e c t o r  o r  a r e  absorbed e i t h e r  
i n  t h e  c a v i t y  o r  i n  t h e  r e f l e c t o r ,  
On t h i s  b a s i s ,  w e  show t h a t  f o r  slowly-varying,  s m a l l  
p e r t u r b a t i o n s  o f  t h e  gas  d e n s i t y  i n  t h e  c a v i t y  t h e  p e r c e n t  
change i n  r e a c t o r  power l e v e l  p e r  u n i t  t i m e  i s  given by 
where p (T) i s  t h e  r e a c t i v i t y ,  R p  (T) , t h e  prompt-neutron l i f e -  
t i m e ,  6 ,  t h e  f r a c t i o n  o f  delayed neu t rons ,  1 / A ,  t h e  average 
de l ay  t i m e ,  F ( T ) ,  t h e  c a v i t y  greyness ,  and B ( T )  i s  a c o e f f i -  
c i e n t  t h a t  measures t h e  s e n s i t i v i t y  of t h e  r e a c t o r  t o  a  change 
of t h e  boundary c o n d i t i o n  a t  t h e  c a v i t y  wal l .  This  expres-  
sicn d i f f e r s  from t h e  o rd ina ry  r e a c t o r  k i n e t i c  equa t ion  for 
s o l i d  c o r e  r e a c t o r s  because of  t h e  a d d i t i o n a l  t e r m  account ing 
f o r  changes i n  t h e  boundary cond i t i on  a t  t h e  c a v i t y  w a l l ,  
R e a c t i v i t y ,  t h e  c o e f f i c i e n t  % ( a ) ,  and prompt-neutron life- 
t ime a r e  eva lua t ed  f o r  bo th  s p h e r i c a l  and c y l i n d r i c a l  c a v i t i e s ,  
For c a v i t y  r a d i i  nea r  t h e  minimum c r i t i c a l  r a d i u s ,  below which 
a s e l f - s u s t a i n i n g  r e a c t i o n  cannot  be mainta ined,  a l l  changes 
i n  gas d e n s i t y  a r e  s m a l l  p e r t u r b a t i o n s ,  s i n c e  t h e  a v a i l a b l e  
r e a c t i v i t y  is sma l l ,  and delayed-neutron p recu r so r s  determine 
t h e  r e a c t o r  t i m e  cons t an t ,  A s  c a v i t y  r a d i u s  i n c r e a s e s ,  how- 
eve r ,  t h e  prompt-neutrtmpopulation determines  t h e  r e a c t o r  t ime 
c o n s t a n t ,  and E q ,  (1) a p p l i e s  wi th  B = 0 .  
F i n a l l y ,  some i m p l i c a t i o n s  f o r  r e a c t o r  s t a b i l i t y  a r e  
p resen ted ,  Ne f i n d  t h a t  an accumulation of gaseous f u e l  nea r  
t h e  c a v i t y  w a l l  can l e a d  t o  i n s t a b i l i t i e s  f o r  c e r t a i n  c a v i t y  
r a d i i ,  
4-2 COUPLED FLUID AND NEUTRONIC OSCILLATIONS I N  
HIGH-TEMPERATURE GASEOUS URANIUM 
Har t in  Becker 
Rensselaer Polytechnic I n s t i t u t e  
Troy, N e w  York 
Desire f o r  high nuclear  rocket  propulsion c a p a b i l i t y  has 
l e d  t o  i n t e r e s t  i n  gaseous-core nuclear  rockets .  Concepts 
advanced t o  d a t e  genera l ly  have requi red  l a r g e  volumes of gas- 
eous uranium (or  poss ib ly  p l u t o n i m ) .  The ex i s t ence  of a  
l a r g e  volume of a  gas leads  t o  concern about t h e  p o s s i b i l i t y  
of  f l u i d  osc iL la t ions  i n  t h e  gas,  I n  add i t ion ,  t h e  gaseous 
uranium would have an i n t r i n s i c  density-dependent h e a t  source 
(from nuclear  f i s s i o n ) .  It is  w e l l  known, however, t h a t  un- 
s t a b l e  f l u i d  o s c i l l a t i o n s  of acous t i c  cha rac te r  can e x i s t  i n  
a compressible f l u i d  wi th  a  density-dependent hea t  source,  
This type of i n s t a b i l i t y  i s  a  recognized problem i n  t h e  de- 
s ign  of chemical rockets  and jet-engine af te r -burners ,  I n  
t h i s  paper, w e  s h a l l  d i scuss  acous t i c  o s c i l l a t i o n s  i n  a  ura- 
nium gas with a f i s s i o n  h e a t  source,  W e  a l s o  s h a l l  d i scuss  
t h e  feedback t o  t h e  o s c i l l a t i o n s  caused by e x t e r n a l  ( r e f l e c -  
t o r )  moderation and d i f f u s i o n  of neutrons. 
N e  consider  a  simple model of a  uniform i n f i n i t e l y  long 
s t a t i o n a r y  gas bounded i n  t h e  t r ansverse  d i r e c t i o n  by a neu- 
t r o n  r e f l e c t o r  and h e a t  s ink.  W e  look f o r  t h e  c r i t i c a l  wave- 
length  (above which t h e r e  i s  i n s t a b i l i t y )  f o r  an acous t i c  
wave propagating i n  t h e  long i tud ina l  d i r ec t ion .  We assume 
t h a t  t h e  c r i t i c a l  core length  i s  one-half t h e  c r i t i c a l  wave- 
length  ( o r  t h e  d i s t ance  between nodes of t h e  wave), More 
complex r e l a t i o n s  between core length and wavelength would 
occur i f  'tie were t o  consider  r e a l  end condi t ions  !e,g, noz- 
z l e ,  i n j e c t o r ) ,  
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F i r s t ,  we s tudy t h e  case  with no neut ronic  feedback (Ref. 
1 and 2) ,  It can be shown, a f t e r  making some reasonable as- 
sumptions, (Ref, 2)  t h a t  t h i s  simple s t a b i l i t y  c r i t e r i o n  ap- 
p l i e s  
2 4 n  K0To(y - l )  
x2 < 
- 
where A ,  KO, To' Po, y a r e  wavelength, c o e f f i c i e n t  of r a d i a n t  
h e a t  t r a n s f e r ,  temperature,  f i s s i o n  power dens i ty  and r a t i o  
of s p e c i f i c  hea t s ,  C r i t i c a l  wavelengths f o r  re ference  cases  
were i n  t h e  neighborhood of t h r e e  f e e t ,  whereas reference  core 
lengths  of about t e n  f e e t  genera l ly  are c i t e d ,  
Next, we explore t h e  inf luence  of neut ronic  feedback (Ref. 
3 ) .  W e  assume t h e  core t o  be t r a n s p a r e n t  t o  f a s t  neutrons and 
t o  be a pure absorber f o r  thermal neutrons. Age theory i s  used 
t o  r ep resen t  t h e  slowing down process i n  t h e  r e f l e c t o r .  Dif- 
fus ion  theory i n  t h e  r e f l e c t o r  and blackness theory boundary 
condi t ions a t  t h e  co re - re f l ec to r  i n t e r f a c e  a r e  used t o  t r e a t  
thermal neutrons,  
Neutronic feedback is  found t o  have a s t a b i l i z i n g  i n f l u -  
ence, The degree of s t a b i l i z a t i o n ,  however, i s  a s t rong  func- 
t i o n  of t h e  r e f l e c t o r  mater ia l .  The smal ler  t h e  migrat ion a r e a ,  
t h e  g r e a t e r  is t h e  tendency of neut ronic  feedback t o  t ake  e f f e c t  
a t  t h e  loca t ion  of t h e  dis turbance which caused t h e  feedback, 
and t h e  g r e a t e r  t h e  s t a b i l i z i n g  inf luence  of neut ronic  feedback. 
Thus, l i g h t  water is  very e f f e c t i v e  and s t a b i l i z e s  t h e  system. 
Graphite and beryl l ium r e f l e c t o r s ,  however, merely inc rease  t h e  
c r i t i c a l  wavelength from t h r e e  f e e t  t o  f i v e  and seven f e e t  res- 
pec t ive ly .  
A t  high temperatures and pressures  r e l e v a n t  t o  a gaseous 
core rocket ,  t h e  uranium w i l l  be ionized  and behave a s  a plasma, 
Some prel iminary a n a l y s i s  of plasma e f f e c t s  has been made (Ref. 
4 )  with a two-fluid model, but  a more detailed study w i l l  have t o  
be made before  d e f i n i t i v e  conclusions can be es tabl i shed .  
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4-3 THE RADIANT HEAT FLUX LIMIT OF BY-PASS FLOW 
IN A URANIUM PLASMA ROCKET 
Alber t  F. Kascak 
L e w i s  Research Center 
Nat ional  Aeronautics and Space Administration 
Cleveland, Ohio 
The uranium plasma nuclear  rocket  i s  a proposed propul- 
s i o n  system which f e a t u r e s  a high s p e c i f i c  impulse (1500 t o  
2500 sec.)  and r e l a t i v e l y  high t h r u s t  ( l o 5  t o  l o 6  lb . )  One 
type  of conf igura t ion  is  known as t h e  'coaxial  flow" concept. 
This flow system employs a c y l i n d r i c a l  geometry wi th  a low- 
v e l o c i t y  f i s s i o n i n g  uranium plasma flowing a x i a l l y  down t h e  
c e n t e r l i n e  of t h e  r e a c t o r  cavi ty .  High-velocity hydrogen 
p rope l l an t  i s  i n j e c t e d  coax ia l ly  around t h e  fue l .  Heat gen- 
e r a t e d  i n  t h e  uranium plasma i s  t r a n s f e r r e d  by thermal radi -  
a t i o n  t o  t h e  p r o p e l l a n t ,  t hus  inc reas ing  t h e  enthalpy of t h e  
propel lan t .  The p rope l l an t  i s  then  expanded through t h e  noz- 
z l e ,  giving t he  des i red  t h r u s t  and s p e c i f i c  impulse. 
The system is  e x t e r n a l l y  moderated; t h e r e f o r e ,  neutrons 
which a r e  thermalized i n  t h e  moderator must t r a v e l  through 
t h e  hydrogen p rope l l an t  before  they can cause f i s s i o n s  i n  t h e  
uranium plasma. A r ecen t  study (Ref. 1) shows t h a t  t h e  ho t  
hydrogen p r o p e l l a n t  acts as a poison i n  t h e  r e a c t o r ,  t hus  
causing t h e  c r i t i c a l  mass t o  be very la rge .  
A s tudy done s e v e r a l  yea r s  ago (Ref. 2 )  suggested t h e  
concept of "bypassed flow" t o  reduce f l u i d  mixing. In  t h e  
concept of fiefsrence 2 t h e  v e l o c i t y  of hydrogen surrounding 
t h e  uranium plasma was reduced r a t h e r  than the amount of hydro- 
gen between t h e  moderator and t h e  uranium plasma. 
The o b j e c t  of t h i s  s tudy is  t o  reduce t h e  amount of hydro- 
gen between t h e  moderator and t h e  uranium plasma and then  t o  
determine t h e  t r a d e  of f  between t h e  decreased c r i t i c a l  mass 
51  
and t h e  increased w a l l  h e a t  f lux ,  This was done by using t h e  
bypassed flow concept, I n  t h i s  i d e a  a small  f r a c t i o n  of t h e  
t o t a l  hydrogen flow is passed through t h e  cav i ty ,  The r e s t  
of t h e  hydrogen flow is added j u s t  u p s t r e m  of t h e  nozzle,  
This kind of bypass has two advantages, F i r s t ,  t h e  flow a r e a  
is  reduced which decreases  t h e  volume (and t h e r e f o r e  t h e  m a s s  
of hydrogen) between t h e  moderator and uranium plasma, Second, 
s i n c e  a cons tan t  amount of energy i s  generated i n  t h e  uranium 
plasma and a s m a l l  f r a c t i o n  of t h e  p rope l l an t  is  used t o  con- 
v e c t  t h i s  energy o u t  of t h e  c a v i t y ,  t h e  average temperature of 
t h e  p r o p e l l a n t  i n  t h e  c a v i t y  is  increased. The r e s u l t i n g  den- 
s i t y  decrease f u r t h e r  decreases  t h e  mass of hydrogen between 
t h e  moderator and uranium plasma. 
Using a radiat ive-convect ive a n a l y s i s ,  t h i s  s tudy shows 
t h a t  80 percent  of t h e  flow could be bypassed, This r e s u l t s  
i n  t h e  amount of hydrogen between t h e  moderator and t h e  ura- 
nium plasma ranging between 4 t o  20 percent  of t h a t  i n  t h e  
nonbypassl case ,  The e x a c t  percentage was n o t  ca lcu la ted  i n  
t h e  p resen t  ana lys i s ,  I t  would a c t u a l l y  be determined by what- 
ever  changes i n  f l u i d  mixing would r e s u l t  from t h e  new flow 
p a t t e r n ,  The maximum wal l  h e a t  f l u x  increased from near  zero  
2 t o  about l / 2  kw/in , This s tudy d i d  not  examine t h e  new prob- 
l e m  of mixing t h e  bypassed flow with t h e  through flow. 
The  o v e r a l l  c o n ~ l u s i o n  of t h i s  study i s  t h a t  a l a r g e  f r ac -  
t i o n  of t h e  hydrogen p r o p e l l a n t  can bypass t h e  engine cav i ty  
without causing an excess ive  r a d i a n t  h e a t  f l u x  on t h e  c a v i t y  
w a l l .  
1, J. F, Kunze, G, Do Pincock, and Re E. Hyland, "Cavity 
Reactor C r i t i c a l  Experiments," I 
Vol, 6 (February 1969). 
2 ,  " Inves t iga t ions  of Gaseous Nuclear Iiocket Technologym- 
~ n c l a s s i f i e d  Programs,'' Q u a r t e r l y  Progess Report No, 3-U,  
March l 6  through June 15, 1964, United A i r c r a f t  Corpo- 
r a t i o n ,  G-930093-5, Contract  Moo NASw-847 (June 2 6 ,  l 9 6 4 ) ,  
4-4 A STUDY OF THERMAL RADIATION ABSORPTION 
PROCESSES I N  GAS CORE REACTORS* 
W, L. P a r t a i n ,  J. R, Williams and J, D, Clement 
Georgia I n s t i t u t e  of Technology 
At lan ta ,  Georgia 
I n  t h e  gaseous core  r e a c t o r  concept, thermal r a d i a t i o n  
is absorbed by a gaseous working f lu id .  Since t h e  gas is 
e s s e n t i a l l y  t r a n s p a r e n t  t o  t h e  s p e c t r a l  emission of t h e  ura- 
nium gas core,  an in termedia te  hea t  t r a n s f e r  mechanism must 
be employed t o  hea t  t h e  gas. This can be accomplished by 
seeding t h e  gas wi th  submicron-sized p a r t i c l e s  which have a 
high r a d i a n t  energy absorpt ion  c o e f f i c i e n t .  The seeded gas 
i s  grey t o  t h e  r a d i a n t  energy, and t h e  energy absorbed by t h e  
seed p a r t i c l e s  is t r a n s f e r r e d  t o  t h e  gas by conduction and 
convection. 
I n  add i t ion  t o  having a high absorpt ion c o e f f i c i e n t ,  t h e  
seed mate r i a l  must have a low neutron absorpt ion  c ross  s e c t i o n ,  
high melt ing p o i n t ,  and l i m i t e d  reac t ion  r a t e  with hydrogen. 
Both h e a t  t r a n s f e r  and neut ronic  s t u d i e s  of t h e s e  advanced 
gaseous uranium r e a c t o r s  r e q u i r e  t h e  experimental  values of 
t h e  mass absorpt ion c o e f f i c i e n t  of d i f f e r e n t  seed mate r i a l s  
and t h e i r  r eac t ion  products a s  a funct ion of wavelength, 
temperature,  and pressure  of t h e  aerosol .  Also, t h e  r e a c t i o n  
rates, reac t ion  product e q u i l i b r i a ,  and change of s t a t e  thresh-  
o l d s  must be accounted f o r  a s  a funct ion  of temperature and 
pressure.  
The absorpt ion c o e f f i c i e n t  can b e s t  be obtained by meas- 
u r i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t  and t h e  s c a t t e r i n g  c o e f f i c i e n t  
and caLculating t h e  absorpt ion  c o e f f i c i e n t ,  Measuremnt of t h e  
e x t i n c t i o n  c o e f f i c i e n t  i s  descr ibed i n  t h i s  paper,  and o t h e r  
work a t  Georgia Tech by W i l l i a m s  (Ref, 1) desc r ibes  t h e  meas- 
urement of t h e  s c a t t e r i n g  c o e f f i c i e n t .  
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Shenoy (Ref, 2 )  measured t h e  e x t i n c t i o n  c o e f f i c i e n t  of 
hydrogen ae roso l s  wi th  carbon and tungsten seed mate r i a l s  a t  
one atmosphere as a funct ion  of temperature and i n c i d e n t  rad i -  
a n t  energy wavelength. H e  a l s o  measured t h e  e x t i n c t i o n  coef- 
f i c i e n t  of s i l i c o n  seed mate r i a l  a t  room temperature. H i s  
measurements exh ib i t ed  l i t t l e  wavelength dependence b u t  empha- 
s i z e d  t h e  importance of t h e  chemical r eac t ion  of t h e  aerosol .  
Carbon e s p e c i a l l y  was found t o  begin r e a c t i n g  with hydrogen a t  
a much lower temperature than expected. Subsequent measure- 
ments by t h e  authors  have been made with carbon and s i l i c o n  
seed mate r i a l s ,  The methane produced i n  a carbon ae roso l  a t  
temperatures up t o  3000°F and two atmospheres pressure  was 
observed t o  be less than  one mole percent  of t h e  e f f l u e n t .  
I n t e r e s t  i n  carbon seed mate r i a l  cont inues s i n c e  it may be 
d e s i r a b l e  t o  use hydrogen conta in ing  a s m a l l  amount of methane 
a s  p rope l l an t ,  t o  r e t a r d  t h e  r eac t ion  r a t e  of t h e  carbon par- 
t i c l e s .  This research  has shown t h a t  less than  one mole per- 
c e n t  of methane g r e a t l y  r e t a r d s  t h e  r eac t ion  r a t e  of carbon 
and hydrogen (Ref. 3 )  . I n  add i t ion ,  t h e  methane may disso-  
c i a t e  a t  a temperature lower than t h e  vapor iza t ion  temperature 
of carbon t o  produce a d d i t i o n a l  carbon g a r t i c l e s .  It  may a l s o  
be poss ib le  t o  use l a r g e r  carbon p a r t i c l e s  which would n o t  
completely r e a c t - b e f o r e  being exhausted from t h e  r e a c t o r  
cavi ty .  
S i l i c o n  ae roso l s  produce an e x t i n c t i o n  c o e f f i c i e n t  of 
2 65,000 cm /gm a t  room temperature and one atmosphere pressure.  
This is a s l i g h t  i n c r e a s e  over carbon. However, measurements 
a t  e levated  temperatures and 2 atmospheres pressure  have indi -  
ca ted  a r eac t ion  with hydrogen s i m i l a r  t o  t h a t  observed with 
carbon, The probable r eac t ion  product i s  S i H 4 .  Also, s i l i c o n  
s c a t t e r s  much more of the energy than carbon, 
Tungsten is a promising seed m a t e r i a l  due t o  i t s  very high 
vapor iza t ion  p o i n t  and n e g l i g i b l e  r eac t ion  with hydrogen, Meas- 
urements of t h e  e x t i n c t i o n  c o e f f i c i e n t  of a 0.2 micron tungsten 
ae roso l  a t  12  atmospheres and temperatures t o  3000°F have been 
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made (Figures 1 - 4 ) ,  There i s  a s l i g h t  dependence on temper- 
a t u r e ,  The va lue  of t h e  e x t i n c t i o n  parameter inc reases  a s  
t h e  temperature increases .  This may be due t o  t h e  thermal 
a g i t a t i o n  s f  t h e  p a r t i c l e  agglomerates and c a r r i e r  gas caus- 
ing  agglomerate breakup, This is f u r t h e r  s u b s t a n t i a t e d  by 
a g r e a t e r  r a t e  of inc rease  i n  t h e  e x t i n c t i o n  c o e f f i c i e n t  a t  
t h e  s h o r t e r  wavelengths, which is  predic ted  by t h e  Mie theory.  
The 0.04 micron tungsten d a t a  taken a t  one amosphere by Shenoy 
(Ref. 2) e x h i b i t  t h e  same behavior t rend.  More d a t a  a r e  re- 
quired before  t h e  e f f e c t  of pressure  can be described. A t  
p resen t  t h e  measured values of t h e  e x t i n c t i o n  c o e f f i c i e n t  a t  
12 akmospheres compare favorably with those  obtained by Shenoy 
a t  one atmosphere. 
The c u r r e n t  experimental  se tup  a t  Georgia Tech c o n s i s t s  
pr imar i ly  of a 100 atmosphere furnace (Figure 5) capable of 
temperatures up t o  5000°R i n  which seeded hydrogen is  heated 
and t h e  t ransmission of a beam of  r a d i a n t  energy i s  measured 
a s  a funct ion of wavelength by a spectrometer,  A sampling 
system is  used t o  measure t h e  dens i ty  of t h e  ae roso l  before  
and a f t e r  hea t ing ,  e l e c t r o s t a t i c  p r e c i p i t a t i o n  system 
i s  used t o  c o l l e c t  samples of t h e  p a r t i c l e s  on e l e c t r o n  micro- 
scope g r i d s  f o r  p a r t i c l e  s i z e  measur%ments, 
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Figure 1. Extinction Coefficient of Tungsten-Hydrogen Aerosol at 8 0 " ~  
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Figure 2. Extinction Coefficient of Tungsten-Hydrogen Aerosol at-850"~ 





Figure 3. Extinction Coefficient of Tungsten-Hydrogen Aerosol at 1780°F 
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Figure 4. Extinction Coefficient of Tungsten-Hydrogen Aerosol at 2740'~ 
and 12 Atmospheres 
~ i g u r e  5 .  High Pressure Furnace Assembly 
4-5 RADIATION TRANSPORT IN A URANIUM PLASMA 
REACTOR WITH REFLECTING WALLS 
S ,  K e l m  and V7, Peschka 
che Forschungs- und Versuchsanstal t  fGr Luft- und Raumfahrt e.V.  
S t u t t g a r t ,  Germany 
The temperature d i s t r i b u t i o n  is determined i n  t h e  plasma- 
region of an uranium plasma r e a c t o r  using the  energy equation 
i n  which t h e  t r a n s p o r t  of r a d i a t i v e  energy and energy sources 
a r e  considered, I n  t h i s  case  t h e  s p a t i a l  energy sources cor- 
respond t o  the  production of energy per  u n i t  volume by nuclear  
f i s s i o n s ,  The a n i s o t r o p i c  d i s t r i b u t i o n  of t h e  r a d i a t i o n  f i e l d  
i s  included i n  t h e  c a l c u l a t i o n  of the  r a d i a t i o n  f l u x  whereas 
t h e  inf luence  of t h e  plasma flow i s  neglected,  
The r e s u l t s  of t h e  c a l c u l a t i o n s  show t h a t  t h e  temperature 
can r i s e  up t o  22,000°K i n  t h e  middle of t h e  r e a c t o r ,  The 
t o t a l  r a d i a t i o n  f l u x  near  t h e  wa l l s  is  reduced considerably 
d e s p i t e  t h e  very high temperatures a t  t h e  middle of t h e  reac- 
t o r  because t h e  temperature of t h e  black body r a d i a t i o n  near  
t h e  wa l l s  i s  lower than 7,QO0°K, Secondly, t h e  r a d i a t i o n  f l u x  
i s  reduced by r e f l e c t i n g  wa l l s  s i n c e  l i q u i d  l i th ium flows a t  
t h e  inner  wa l l s  of t h e  r e a c t o r ,  Liquid l i th ium r e f l e c t s  more 
0 
than 90% of t h e  o p t i c a l  r a d i a t i o n  from ca,  2,500 A t o  t h e  f a r  
i n f r a r e d  region of t h e  spectrum. Therefore,  the  o p t i c a l  rad i -  
a t i o n  of t h e  plasma becomes n o t  t o o  high i n  order  t o  damage 
t h e  inner  w a l l s  of t h e  r e a c t o r ,  
A t  f i r s t  t h i s  plasma r e a c t o r  can be appl ied  f o r  propul- 
s i o n  systems and secondly f o r  14PD-energy conversion, I n  t h e  
las t  case s f  a p p l i c a t i o n  t h e  plasma r e a c t o r  i s  used as a 
plasma source f o r  an induct ive  MPD-Converter, 
4-6 RADIATION HAZARD FROM FORWARD FLOW OF FISSION 
FRAGMENTS FROM THE PLUMEOF A GAS-CORE NUCLEAR ROCKET 
Charles C, Masser 
L e w i s  Research Center 
Nat ional  Aeronautics and Space Administration 
Cleveland, Ohio 
I n  t h e  gas-core nuclear  rocket  concept, t h e  hea t  source 
i s  f i s s i o n i n g  uranium gas, This r e l eased  h e a t  is  then ab- 
sorbed by t h e  hydrogen p rope l l an t ,  I n  an open cyc le  gas-core 
nuclear  rocke t ,  f i s s i o n  fragments a r e  formed and exhausted 
through t h e  nozzle  along with t h e  unfiss ioned f u e l  and propel- 
l a n t ,  A s  the  exhaust  plume i s  formed, a small  percentage of 
t h e  plume products have a s u f f i c i e n t  v e l o c i t y  and t h e  proper 
d i r e c t i o n  t o  leave  t h e  plume and flow forward towards t h e  
rocket ,  I t  is t h e  purpose of t h i s  paper t o  eva lua te  t h e  radi -  
a t i o n  hazard t o  t h e  crew associa ted  with t h e  forward flow of 
f i s s i o n  fragments t h a t  s t r i k e  t h e  vehic le ,  It is assumed t h e  
f i s s i o n  fragments t h a t  s t r i k e  t h e  veh ic le  s t i c k  t o  it. 
Typical gas-core engine opera t ing  condi t ions  a r e  used a s  
a b a s i s  f o r  c a l c u l a t i n g  nozzle e x i t  condi t ions,  The e x i t  gas 
parameters needed a r e  Mach Mumber, r a t i o  of s p e c i f i c  h e a t ,  
average molecular weight,  average dens i ty  and average molec- 
u l a r  diameter, 
The equat ions of %ill and Draper, (Ref. l ) ,  a r e  used t o  
c a l c u l a t e  t h e  plume dens i ty  a s  a funct ion  of d i s t a n c e  from 
t h e  nozzle,  The problem of de f in ing  t h e  edge of  t h e  plume i s  
then assessed. This is  important because i n s i d e  t h e  plume 
continuum flow is  assumed and o u t s i d e  t h e  plume f r e e  molecular 
flow i s  assumed, A s  t h e  molecules reach t h e  plume su r face ,  
they leave t h e  plume boundary with a p a r t i c u l a r  d i r e c t i o n  and 
v e l o c i t y  and a r e  assumed n o t  t o  c o l l i d e  with any o t h e r  mole- 
cu les  t h e r e a f t e r ,  The d e f i n i t i o n  s f  t h e  plume boundary was 
var ied  t o  o b t a i n  t h e  l a r g e s t  backflow f l u x  poss ib le  under 
extreme condit ions.  
NoEler, (Ref. 2) , has der ived t h e  equat ion f o r  dens i ty  
a t  a  po in t  caused by p a r t i c l e s  leaving  a  su r face  separa t ing  
continuum and f r e e  molecular flow regions.  Gr ie r ,  (Ref. 3 ) ,  
has used t h i s  equat ion t o  c a l c u l a t e  the dens i ty  forward of a  
nozzle from t h e  molecules leaving  a plume. I n  t h i s  study t h e  
equat ion of Nol ler ,  (Ref. 2 ) ,  had t o  be reformulated and 
solved i n  t e r m s  of mass f l u x  i n s t e a d  of dens i ty .  The b a s i c  
computer technique of G r i e r  (Ref. 3) was then used t o  so lve  
t h e  new equat ion t o  obta in  t h e  f l u x  forward of t h e  nozzle  
caused by molecules leaving t h e  plume. 
I n  order  t o  c a l c u l a t e  t h e  number of f i s s i o n  fragments 
t h a t  s t r i k e  and s t i c k  t o  t h e  veh ic le ,  a  p a r t i c u l a r  shape was 
picked. The conf igura t ion  picked was a  cy l inder  30 f e e t  i n  
diameter and 400 f e e t  long. This s i z e  is  s u f f i c i e n t  f o r  a  
tankage volume needed t o  s t o r e  600,000 pounds of hydrogen 
which is  t y p i c a l  of a  manned i~iars mission. 
For t h e  t o t a l  engine running t i m e ,  0.95 pounds of £is- 
s i o n  fragments a r e  e j e c t e d  o u t  t h e  nozzle  wi th  t h e  propel lan t .  
About 9.2 x l o m 9  pounds flow forward of t h e  nozzle  e x i t  plane. 
Of t h i s  amount, 1.4 x 10 -lo pounds s t r i k e  and s t i c k  t o  t h e  
veh ic le ,  pr imar i ly  i n  the  v i c i n i t y  of t h e  nozzle ,  
The d i s t r i b u t i o n  of f i s s i o n  fragments over t h e  veh ic le  
is computed s o  t h a t  t h e  d i s t ance  from t h e  f i s s i o n  fragments 
t o  t h e  crew i s  known. The r a d i a t i o n  dose from t h e  f i s s i o n  
fragments is  then computed. To ta l  r a d i a t i o n  dose is  calcu- 
l a t e d  assuming a l l  t h e  f i s s i o n  fragments r e l e a s e  two MEV of 
energy i n  decay, This r e s u l t s  i n  over e s t ima t ing  t h e  radia-  
t i o n  l eve l .  Calcula t ion  showed t h e  r a d i a t i o n  dose t o  t h e  
crew would be of t h e  order  of 2 x  l o w 3  rad. This r a d i a t i o n  
l e v e l  is shown t o  vary only s l i g h t l y  a s  a  funct ion of r e a c t o r  
power and plume boundary d e f i n i t i o n ,  
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4-7 APPLICATIONS OF ZONING TECHNIQUES IN  PRACTICAL RADIATIVE 
ENERGY TRANSPORT PROBLEMS 
Edward Y,  H. Iceng 
Georgia I n s t i t u t e  of Technology 
A t l a n t a ,  Georgia 
Precise a n a l y s i s  of r a d i a t i v e  h e a t  t r a n s p o r t  problems 
usua l ly  can be made only f o r  an i d e a l  b lack  body model and 
uniform media p rope r t i e s .  Zoning techniques a r e  employed t o  
extend t h e  r e s u l t s  of t h e s e  i d e a l  systems t o  o b t a i n  s o l u t i o n s  
f o r  many complex p r a c t i c a l  systems wi th  reasonable  accuracy 
and much less e f f o r t  t han  t h e  combination of a n a l y t i c a l  and 
numerical  methods normally used, Appl icat ions  of zoning tech-  
niques  t o  systems of grey s u r f a c e s ,  nonisothermal e m i t t i n g  
s u r f a c e s ,  and nonuniform absorp t ion  media a r e  discussed.  An 
example f o r  a c y l i n d r i c a l  system i s  given. 
5-1 INVESTlGATlON OF NUCLEAR LIGHT BULB START-UP 
AND ENGINE DYNAMICS* 
T. S. Latham, H. E. Uauer, and R e  J6 Rodgers 
United A i r c r a f t  Research Labora to r i e s  
E a s t  Har t fo rd ,  Connect icut  
A n a l y t i c a l  s t u d i e s  w e r e  conducted t o  deteranine t h e  
o p e r a t i n g  cond i t i ons  of a nuc l ea r  l i g h t  bu lb  engine du r ing  
s t a r t - u p  and t h e  t r a n s i e n t  response of the  enqine t o  v a r i o u s  
p e r t u r b a t i o n s  a t  t h e  nominal ful l-power ope ra t ing  l e v e l .  The 
b a s i c  nuc l ea r  l i g h t  bu lb  engine des ign  was r e f i n e d ,  where 
neces sa ry ,  t o  i nc lude  mod i f i ca t ions  which r e s u l t e d  from 
r e c e n t  c r i t i c a l i t y  s t u d i e s  and t e s t  program r e s u l t s .  
The s t a r t - u p  s tudy  w a s  performed us ing  a  s i m p l i f i e d  
a n a l y t i c a l  model of $_he b a s i c  engine.  Three l i n e a r  power 
ramps w e r e  used and the g e n e r a l  engine response ,  a u x i l i a r y  
power requirements  and thermal  stress l e v e l s  were i n v e s t i -  
ga ted .  The c a l c u l a t e d  responses  i n  temperature  and p r e s s u r e  
w e r e  s i m i l a r  f o r  a l l  of t h e  power ramps. I t  appears  t h a t  
t h e r e  w i l l  be no major problems wi th  engine c o n t r o l  o r  w i th  
exces s ive  thermal  stress l e v e l s  dur ing  s t a r t - u p .  Some type  
of a u x i l i a r y  power w i l l  be r equ i r ed  f o r  t h e  turbopump u n i t  
du r ing  s t a r t - u p .  
F i n i t e - d i f f e r e n c e  approximations t o  t h e  time-dependent 
thermal ,  f l u i d  dynamics and neutron k i n e t i c s  equa t ions  were 
used t o  d e s c r i b e  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of  t h e  engine.  
These equa t ions  were programmed on a  UNIVAC 1108 d i g i t a l  
computer t o  c o n s t r u c t  a  dynamic s imu la t ion  f o r  p r e d i c t i n g  t h e  
response of the engine  t o  s e l e c t e d  p e r t u r b a t i o n s  occu r r ing  a t  
WE nominal full=power operating c o n d i t i o n ,  A pre l imina ry  
t r a n s i e n t  ana lys i s t  was performed us ing  t h e  model, which 
* This  r e sea rch  was suppor ted  by "&he joint AEC-NASA Space 
Nuclear Propuls ion  Off i c e  under Cont rac t s  NASVJ- 947 and 
SNPC-70. 
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s imu la t e s  an uncon t ro l l ed  engine ,  t o  determine t h e  b a s i c  
s t a b i l i t y  c h a r a c t e r i s t i c s  and t o  i d e n t i f y  t h e  parameters  
which would prov ide  t h e  most e f f e c t i v e  c o n t r o l  mechanisms. 
Responses t o  p e r t u r b a t i o n s  i n  .the uncon t ro l l ed  system can be 
c h a r a c t e r i z e d  by either s t e ady - s t a t e  o r  damped o s c i l l a t i o n s  
w i th  a  c h a r a c t e r i s t i c  frequency of about  I cyc le / sec .  I t  
w a s  concluded that  c o n t r o l  of the engine could be achieved 
p r i m a r i l y  by c o n t r o l  of f u e l  i n j e c t i o n  r a t e .  
5-2 CALCULATIONS OF THE SPECTRAL EMISSION FROM THE 
FUEL REGION OF A NUCLEAR LIGHT BULB REACTOR* 
N, Lo Krasce l l a  
Uni ted A i r c r a f t  Research Lal3oratories 
E a s t  Har t ford ,  Connect icut  
A t h e o r e t i c a l  i n v e s t i g a t i o n  w a s  conducted t o  d e t e r n i n e  
t h e  s p e c t r a l  emiss ion c h a r a c t e r i s t i c s  of the f u e l  r eg ion  of 
a nuc l ea r  l i g h t  bu lb  engine and, hence, t h e  s p e c t r a l  r ad i a -  
t i v e  f l u x  i n c i d e n t  upon t h e  t r a n s p a r e n t  containment w a l l s  o r  
upon the  r e f l e c t i v e  end w a l l s  of such an engine.  The analy- 
s is  w a s  performed f o r  a s p e c i f i e d  engine c o n f i g u r a t i o n  and 
f o r  a  s p e c i f i c  n u c l e a r  f u e l  p a r t i a l  p r e s su re  d i s t r i b u t i o n ,  
Es t imates  of t h e  s p e c t r a l  r a d i a t i v e  f l u x  emanating from t h e  
nuc l ea r  f u e l  r eg ion  w e r e  made f o r  a  t o t a l  r a d i a t e d  f l u x  of 
24,300 ~ t u / f  t2-sec (2.757 x  l0 I1  erg/cm2-sec) , which cor re -  
sponds t o  an e f f e c t i v e  black-body r a d i a t i n g  temperature  of 
15,000 R (8333 K) . 
Six  c a s e s  were considered i n  o r d e r  t o  examine t h e  
e f f e c t s  on t h e  s p e c t r a l  r a d i a t i v e  f l u x  emi t t ed  from t h e  
nuc l ea r  f u e l  r eg ion  of (1) changes i n  t h e  heavy-atom absosp- 
t i o n  c o e f f i c i e n t  model parameters ,  ( 2 )  the a d d i t i o n  of a  
s eed  g a s ,  and ( 3 )  changes i n  end-wall r e f l e c t i v i t i e s .  Three 
ca ses  involved pa rame t r i c  v a r i a t i o n s  of t h e  heavy-atom model 
i n  e i t h e r  t h e  f u e l  s p e c i e s  i o n i z a t i o n  p o t e n t i a l s  o r  i n  t h e  
o s c i l l a t o r  s t r e n g t h  d i s t r i b u t i o n  func t ions  d e s c r i b i n g  l i n e  
t r a n s i t i o n s .  I n  t h e  f o u r t h  ca se ,  t h e  e f f e c t  of adding 
hydrogen a s  a  seed  g a s  w a s  s t u d i e d ,  The e f f e c t  of a  u n i f o m  
end-wall s p e c t r a l  r e f l e c t i v i t y  of 0.5 was examined i n  t h e  
fifth ease ;  s imilar  c a l c u l a t i o n s  were made i n  t h e  s i x t h  c a s e  
us ing  t h e  s p e c t r a l  r e f  l e c t i v i  t y  of aluminum. 
* ~h=- research* w a s  supported by t h e  j o i n t  AEG-NASA Space 
Nuclear Propuls ion  O f f i c e  under Cont rac t s  NASw-847 and 
5-3 DEVELOPMENT OF A HIGH-INTENSITY R-F RADIANT ENERGY 
SOURCE FOR SIMULATING THETHERMAL ENVIRONMENT OF THE 
NUCLEAR LIGHT BULB REACTOR* 
Ward C. Roman 
United A i r c r a f t  Research Lacboratories 
E a s t  Ha r t fo rd ,  Connect icut  
Experiments w e r e  conducted t o  develop an i n t e n s e  r a d i a n t  
energy source  capable  of producing r a d i a n t  energy f l u x e s  w i t h i n  
t h e  range expec ted  i n  n u c l e a r  l i g h t  bu lb  engines .  The test  
program w a s  conducted us ing  t h e  UARL 1 .2-megw radio-frequency 
induc t ion  h e a t e r  a t  d-c i n p u t  power l e v e l s  up t o  approximately 
600 kw, R-F energy w a s  supp l i ed  t o  an argon plasma w i t h i n  a 
r ad i a l - i n f low vor t ex .  The e f f e c t s  of s e v e r a l  impor tan t  para-  
meters on t h e  power r a d i a t e d  from t h e  plasma, t h e  power 
depos i t ed  i n  t h e  surrounding water-cooled t r a n s p a r e n t  p e r i -  
p h e r a l  w a l l ,  and t h e  power c a r r i e d  away from t h e  v o r t e x  by 
convection were i n v e s t i g a t e d .  Tes t s  w e r e  conducted a t  pres- 
s u r e s  up t o  16 a t m  and wi th  up t o  216 kw of power depos i t ed  
i n  t h e  s t e a d y - s t a t e  plasma d ischarge .  A maximum of 156 kw 
was r a d i a t e d  through a 2.24-in, i n s i d e  d iameter  water-cooled 
t r a n s p a r e n t  p e r i p h e r a l  w a l l .  The maximum r a d i a n t  energy f l u x  
a t  t h e  edge of t h e  plasma w a s  3 6 . 7  kw/in. 2 ,  whish corresponds 
t o  an e q u i v a l e n t  black-body r a d i a t i n g  temperature  of 10,200 R. 
The range of edge-of-fuel  r a d i a n t  energy f l u x e s  of i n t e r e s t  
f o r  f u l l - s c a l e  n u c l e a r  l i g h t  bulb engines  i s  from 177.8 kw/in? 
f o r  a r e f e r e n c e  engine  t o  1 4 . 4  kw/in. f o r  a  d e r a t e d  engine;  
the corresponding e q u i v a l e n t  black-body r a d i a t i n g  temperatures  
a r e  15,000 R and 8000 K, r e s p e c t i v e l y .  
The t o t a l  power depos i t ed  i n t o  t h e  plasma, t h e  c h m b e r  
p r e s s u r e ,  and t h e  argon weight  flow rate are i n t e r r e l a t e d  i n  
* This r e sea rch  was supported by t h e  j o i n t  mC-NASA Space 
Nuclear Propuls ion  Of f i ce  under Cont rac t s  NASw-847 and 
SNPC- 70, 
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detemining the most stable operating condition for a given 
geometry, Sim~ltaneous increases in chamher pressure and 
power into the plasma yielded the largest increases in t he  
fraction of plasma power that was radiated, 
5-4 EXPERIMENTS FOR SIMULATING THE ABSORPTlQN OF THERMAL 
RADIATION IN THE PROPELLANT DUCT OF A NUCLEAR LIGHT BULB REACTOR* 
John P. K l e i n  
Uni ted  A i r c r a f  t Research Laboratories 
E a s t  H a r t f ~ r d ,  C o n n e c t i c u t  
Experiments  are b e i n g  conducted t o  s i m u l a t e  the a b s o r ~ -  
t i o n  of the rmal  r a d i a t i o n  i n  t h e  p r o p e l l a n t  d u c t  of a  n u c l e a r  
l i g h t  b u l b  r e a c t o r ,  The o b j e c t i v e s  of t h e  exper iments  are 
(1) t o  deve lop  methods f o r  i n j e c t i n g  s o l i d  p a r t i c l e  s e e d s  
i n t o  a s i m u l a t e d  p r o p e l l a n t  s t r e a m ,  ( 2 )  t o  e f f e c t i v e l y  u s e  
b u f f e r  l a y e r s  t o  p r e v e n t  c o a t i n g  of t h e  t r a n s p a r e n t  d u c t  
w a l l s ,  and ( 3 )  t o  conduc t  exper iments  i n  which a l a r g e  p e r -  
c e n t a g e  s f  t h e  i n c i d e n t  r a d i a t i o n  from a h i q h - i n t e n s i t y  l i g h t  
s o u r c e  i s  absorbed i n  a  s i m u l a t e d  p r o p e l l a n t  strew, Argon 
seeded  w i t h  micron-s ized  carbon p a r t i c l e s  i s  used a s  t h e  s i m -  
ulated p r o p e l l m t ,  B o t h  the UARL l .2-megw r- f  i n d u c t i o n  
h e a t e r  and t h e  d-c a r c  h e a t e r  a r e  used  t o  c r e a t e  h i g h - i n t e n s i t y  
l i g h t  s o u r c e s ,  I n i t i a l  low-power-level t e s k s  (less t!lan 3 kw 
r a d i a t e d )  employed c o n f i g u r a t i o n s  i n  which t he  s e e d  d u c t  was 
an annulus  formed by two c o n c e n t r i c  f u s e d  s i l i c a  tubes ,  The 
p re s su re  i s 1  t h e  seed d u c t  was approximate ly  cane atm and &he 
s imula ted-prope l  9,an-k v e l s e i  ty w a s  a b o u t  20 f t/sec, The  
average temperature rise i n  t h e  e x h a u s t  of  the s i m u l a t e d  
p r o p e l l a n t  s t r e a m  was t y p i c a l l y  30  R ;  t h e  maximum t e m p e r a t u r e  
rise a t t a i n e d  ts date  i s  2 2 3  3 ,  The average value of 13,  t h e  
mass a t t e n u a t i o n  c o e f f i c i e n t ,  was o n l y  about %a3 crn2/rn, and 
the maimum f r a c t i o n  o f  t he  r ad ia t ion  absorbed was 0 , 3 3 ,  
These i n i t i a l  exper iments  c l e a r l y  i n d i c a t e d  t h a t  i n c r e a s e s  i n  
* T h i s  research was s u p p o r t e d  by t h e  j o i n t  AEC-NASA Space 
Nuclear  P r o p u l s i o n  O f f i c e  under  C s n t r a c t s  NASw-847 and 
SNPC-70, 
~e amount sf r a d i m t  energy &sorbed can be achieved wrough  
! L )  use sf t h i c k e r  buffer Payers between the seeded stream 
and t h e  d u c t  w a l l s  t o  p reven t  coa t ing ,  ( 2 )  use of improved 
d e a g g l m e r a t i o n  techniques  t o  i n c r e a s e  the mass a t t e n u a t i o n  
c w f  f i c i e n t  ( a  f a c t o r  of f i v e  i n c r e a s e  should be a t t a i n a b l e )  , 
and ( 3 )  use of i nc reased  r a d i a n t  energy source  power l e v e l s .  
6-1 ADVANCED NUCLEAR MHD POWER PLANTS 
Richard I?. Rosa 
AVCO-Everett Research Laboratory 
E v e r e t t ,  Massachusetts  
MHD gene ra to r s  r e a d i l y  handle  gas  temperatures  f a r  
g r e a t e r  than those  produced even by t h e  so l id -core  Nerva 
r o c k e t  r e a c t o r .  With h igh  temperature go the  advantages of 
h igh  power d e n s i t y ,  h igh e f f i c i e n c y ,  and reduced thermal 
p o l l u t i o n  i n  t31e case of terrestrial power p l an t s :  compact 
m a c h i n e q  and sma l l  h e a t  s i n k  r a d i a t o r s  i n  t h e  case  of space  
power p l a n t s .  The combination of a gaseous core  nuc l ea r  
r e a c t o r  wi th  an MHD gene ra to r  r e s u l t s  i n  a system whose h igh  
temperature  p o r t i o n  con ta ins  no s o l i d  p a r t s ,  e i t h e r  s t a t i o n -  
a ry  o r  moving, t h a t  a r e  d i r e c t l y  involved i n  t h e  h e a t  genera- 
t i o n  and conversion process  thus paving t h e  way f o r  s i g n i f i c a n t  
advances over  more convent iona l  power systems i n  terms of 
s i m p l i c i t y  and r e l i a b i l i t y  a s  w e l l  a s  performance. 
This  paper  w i l l  d e s c r i b e  some of t h e  systems i n  which 
such a combination might be  used: d e s c r i b e  t h e  p r e s e n t  s t a t e  
of development of f o s s i l - f i r e d  MI3D gene ra to r s  both  i n  this 
countary and abroad; and d i s c u s s  t h e  re levance of Lhis work t o  
advanced nuclear-MHD a p p l i c a t i o n s .  
6-2 MINETICS STUDIES OF NUCLEAR SEEDED M H D  PLASMAS* 
W e  H ,  E l l i s  and K .  Imani 
Univers i ty  of F l o r i d a  
Gainesvi  l l e ,  F l o r i d a  
and 
H. G. Cofer 
Wes t inghouse Nuclear Energy Sys t e m s  
P i t t s b u r g h ,  Pennsylvania 
A new method f o r  s tudying  t h e  e l e c t r o n  k i n e t i c s  i n  
plasmas produced by neutron i r r a d i a t i o n  of nuc l ea r  seeded 
noble gases i s  descr ibed.  Experimentally determined pro- 
duc t ion  and l o s s  parameters f o r  plasmas produced by t h e  
slowing down of  t h e  r e a c t i o n  products  of t h e  3 ~ e  (n ,p)  t 
r e a c t i o n  is r epo r t ed  f o r  a range of helium gas p re s su re s  
(1-10 atm) that i s  of  i n t e r e s t  f o r  r e a c t o r  coo lan t  and PIHD 
conversion a p p l i c a t i o n s .  
The v o l t a g e  ou tpu t  s i g n a l  ampli tude of t h e  pulsed ion i za -  
t i o n  chamber (PIC) i s  used t o  measure t h e  s t eady- s t a t e  
e l e c t r o n  d e n s i t y  ne a s  a func t ion  of r e a c t o r  power and the  
measured i o n i z a t i o n  source  r a t e  S ( i o n  p a i r s / s e c )  f o r  plasmas 
produced w i t h i n  t h e  3 ~ e  gas f i l l i n g  of t h e  i o n  chamber du r ing  
neutron i r r a d i a t i o n  i n  t h e  thermal  column of t h e  Un ive r s i t y  
of F l o r i d a  T ra in ing  Reactor. Plasma l o s s  c o e f f i c i e n t s  can 
then be determined d i r e c t l y  and t h e  mechanisms of product ion 
and l o s s  can be  s tud ied .  
Values r e p o r t e d  f o r  the second o r d e r  plasma l o s s  
c o e f f i c i e n t s  ob ta ined  w i t h  e l e c t r o n  d e n s i t i e s  measured by 
t h e  P I C  technique f o r  s t eady- s t a t e  helium plasmas a s  a func- 
t i o n  of p re s su re  were i n  e x c e l l e n t  agreement wi th  t h e o r e t i c a l  
p r e d i c t i o n s  and ranged from 5 x t o  3 x 10'7 (cm3/s) a t  
300'~.  
Work supported i n  p a r t  by the U. S. Of f i ce  of Naval Research 
6-3 THE PERFORMANCE OF HELIUM SEEDED WITH URANIUM 
IN A MAGNETOHYDRODYNAMIC GENERATOR 
Allan  R. Bishop 
L e w i s  Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Cleveland,  Ohio 
The f e a s i b i l i t y  of  u s ing  helium seeded w i t h  uranium as 
a working f l u i d  i n  a MHB g e n e r a t o r  i s  d i scussed .  Non- 
e g u i  l i b r i u n  i o n i z a t i o n  of  t h e  seed  (uranium) , i nc lud ing  
l o s s e s  due t o  e l e c t r o t h e r m a l  i n s t a b i l i t i e s ,  i s  examined 
over  a range o f  s t a g n a t i o n  temperatures  (2000-4000 K ) ,  s t ag -  
n a t i o n  p r e s s u r e s  (10-50 a m )  , and Mach numbers (0.5-1.5). 
The optimum mixture  ( f o r  maximum power d e n s i t y )  of 
helium and uranium i s  about  s i x  atoms of uranium p e r  thou- 
sand atoms of helium. The non-equi l i b r ium c o n d u c t i v i t y  , 
i n c l u d i n g  the i n s t a b i l i t y  l o s s e s ,  i s  h ighe r  khan t h e  equi-  
l i b r ium c o n d u c t i v i t y  f o r  t h e  temperature  range considered.  
The ou tpu t  power of a s p e c i f i c  gene ra to r  c o n f i g u r a t i o n  i s  
p re sen ted  a s  a f u n c t i o n  of s t a g n a t i o n  temperature .  
The use of a helium uranium mixture  appears  t o  be a 
p o s s i b i l i t y  , al though the power d e n s i t y  i s  lower than  f o r  
more convent iona l  working f l u i d s .  
6-4 GAS-CORE REACTORS FOR MHD POWER SYSTEMS 
J. Re  FJilliams and S. V, Shel ton  
Georgia I n s t i t u t e  of  Technology 
A t l a n t a ,  Georgia 
Among t h e  many new concepts  f o r  power gene ra t ion  inves- 
t i g a t e d  i n  t h e  p a s t  decade both f o r  space and commercial 
a p p l i c a t i o n s ,  magnetohydrodynamic (IvlHD) power gene ra t ion  w i t h  
gaseous working f l u i d s  has  r ece ived  a g r e a t  d e a l  of  a t t e n t i o n  
(Ref. 1) , This  has been due t o  i t s  p s t e n t i a l  f o r  very h igh  
e f f i c i e n c i e s  and power d e n s i t i e s  coupled wi th  i t s  s i m p l i c i t y  
o f  des ign  (Ref. 2 ) .  The LvlHU gene ra to r  is capable  of u t i l i z i n g  
very h igh  temperature  h e a t  sou rces ,  which i s  necessary  t o  
ach ieve  h igh  e f f i c i e n c i e s .  
The h e a t  sources  f o r  P4HD gene ra to r s  which have r ece ived  
e s s e n t i a l l y  a11 t h e  a t t e n t i o n  have been e i t h e r  combustion 
dev ices  o r  so l id -co re  n u c l e a r  r e a c t o r s .  The maximum temper- 
a t u r e s  i n  combustion dev ices  a r e  approximately 3000°K and a r e  
even lower f o r  s o l i d  co re  n u c l e a r  r e a c t o r s ,  Even when t h e  
working f l u i d  is seeded wi th  an e a s i l y  i on i zed  gas ,  i.e. 
cesium o r  potassium, i f  t h e  e l e c t r o n  temperature  i s  equa l  t o  
t h e  gas tempera ture ,  t h e  electr ical  conduc t iv i ty  of t h e  f l u i d  
is  low (Ref. 3-5) p a r t i c u l a r l y  a f t e r  a c c e l e r a t i n g  t h e  gas 
through a nozzle .  This  low e l e c t r i c a l  c o n d u c t i v i t y  was t h e  
i n i t i a l  o b s t a c l e  t o  a c t u a l  o p e r a t i o n  of  an MEID dev ice  (Ref. 6)  
and t h e  low c o n d u c t i v i t y  i s  now t h e  major b a r r i e r  t o  t h e  reali-  
z a t i o n  of t h e  high e f f i c i e n c i e s  and power d e n s i t i e s  of  which 
t h e  3 H D  g e n e r a t o r  i s  t h e o r e t i c a l l y  capable  (Ref, 3 ) ,  
A s o l u t i o n  t o  t h e  low electr ical  conduc t iv i ty  problem 
w a s  thought  t o  be  imminent i n  t h e  e a r l i e r  1960 's  when non- 
e q u i l i b r i u m  i o n i z a t i o n  was f i r s t  i n v e s t i g a t e d  f o r  XWD devices .  
By heat ing  t h e  e l e c t r o n s  t o  a higher  temperature than t h e  gas ,  
t h e  e l e c t r i c a l  conduct iv i ty  has been shown t o  increase  by a 
f a c t o r  of t e n  o r  more, The proposed method of p r e f e r e n t i a l l y  
hea t ing  t h e  e l e c t r o n s  is by use of t h e  magnetically induced 
e l e c t r i c  f i e l d ,  
This work on nonequilibrium i o n i z a t i o n  has been d i r e c t e d  
toward sol id-core nuclear  r e a c t o r  h e a t  sources  using noble 
gases ,  such a s  argon, i n  a c losed cycle.  Nonequilibrium ioni -  
za t ion  i n  combustion devices  i s  n o t  f e a s i b l e  because t h e  very 
l a r g e  electron-atom and electron-molecule c o l l i s i o n  c ross  sec- 
t i o n s  which e x i s t  i n  combustion products make it v i r t u a l l y  
impossible t o  ob ta in  a condi t ion  of unequal e l e c t r o n  and gas 
temperatures. The  energy t r a n s f e r  from t h e  higher  temperature 
e l e c t r o n s  t o  t h e  gas i s  much t o o  high, 
However, even f o r  t h e  s o l i d  core nuclear  r e a c t o r  using a 
closed cycle ,  Brogan states i n  Reference 3 ,  "Indeed, almost 
t h e  t o t a l  research  e f f o r t  i n  generator  working f l u i d s  f o r  use 
with a nuclear  r e a c t o r  h e a t  source has been given t o  t h e  s i n g l e  
t o p i c  of nonequilibrium ion iza t ion ,  I t  has  proven t o  be an 
e l u s i v e  quarry." Ibbgnetically-induced nonequilibrium ioniza-  
t i o n  may s t i l l  hold t h e  s o l u t i o n  t o  t h e  low e l e c t r i c a l  conduc- 
t i v i t y  problem, bu t  t h e  most o p t i m i s t i c  experimental  r e s u l t s  
s o  f a r  have f a i l e d  t o  produce evidence t h a t  t h e  des i red  values 
of e l e c t r i c a l  c o n d u c t i v i t i e s  ( %  100 mho/cm) can be produced 
by t h i s  method. Brogan (Ref, 3)  d i scusses  both b a s i c  and 
p r a c t i c a l  reasons as  t o  why t h i s  a t ta inment  of u s e f u l  non- 
equi l ibr ium i o n i z a t i o n  i s  very d i f f i c u l t .  
A h e a t  source capable of higher  temperatures than t h e  
2500°K which i s  a v a i l a b l e  from t h e  s o l i d  core  nuclear  r e a c t o r  
(Ref, 7 )  i s  seen then t o  be very d e s i r a b l e  and perhaps even 
e s s e n t i a l .  These higher  temperatures are a v a i l a b l e  by u t i -  
l i z i n g  t h e  concept of t h e  cav i ty  r e a c t o r  i n  which t h e  nuclear  
fueZ is  a d u s t ,  (Ref, 8 ) ,  a l i q u i d ,  (Ref. 9 ) ,  o r  a gas, Since 
the gaseous r e a c t o r  concept promises higher  temperatures and 
is  somewhat s impler  than t h e  d u s t  bed o r  l i q u i d  core r e a c t o r ,  
t h i s  design has received t h e  most a t t e n t i o n .  
Three gaseous r e a c t o r  systems t h a t  are c u r r e n t l y  being 
inves t iga ted  a r e  t h e  coax ia l  flow r e a c t o r ,  (Ref, l 0 , l l )  t h e  
uraniunl vor tex  r e a c t o r ,  (Ref. 12) and t h e  l i g h t  bulb r e a c t o r  
(Ref, 12- l4) (Figure  1). The coax ia l  flow system u t i l i z e s  a  
slow moving c e n t r a l  stream of very h o t  gaseous f i s s i o n i n g  
f u e l  t o  h e a t  a f a s t  moving annular stream of par t ic le -seeded 
gas by thermal r a d i a t i o n ,  The vor tex  concept confines  t h e  
f i s s i o n i n g  f u e l  i n  t h e  c a v i t y  i n  a  r a d i a l  inflow vortex.  The 
coax ia l  flow and vor tex  concepts are c a l l e d  open cyc le  systems 
because t h e  f u e l  becomes mixed with t h e  working f l u i d  and may 
have t o  be separa ted  back o u t  l a t e r .  The nuclear  l i g h t  bulb 
r e a c t o r ,  which confines  the  f i s s i o n i n g  gas i n s i d e  a  t r ans -  
pa ren t  p a r t i t i o n  s o  t h a t  t h e  working f l u i d  i s  heated by ther -  
m a l  r a d i a t i o n  through t h e  p a r t i t i o n ,  i s  a closed cyc le  concept 
because t h e  f u e l  does n o t  become mixed with t h e  working f l u i d .  
Since the  gas used a s  a  working f l u i d  is n o t  opaque t o  thermal 
r a d i a t i o n  by i t s e l f ,  it must be seeded with submicron-sized 
p a r t i c l e s  t o  insu re  maximum h e a t  t r a n s f e r  t o  t h e  working f l u i d  
and minimum heat ing  of t h e  containment v e s s e l  and moderator 
(Ref. 1 5 ) ,  The moderator, which surrounds the  nuclear  f u e l  
and working f l u i d  can be condensed back out  when t h e  f l u i d  
temperature drops below 3900°K, 
The use of a new h e a t  source f o r  AHD genera tors  i n  t h e  
form of a  gaseous core  nuclear  r e a c t o r  appears t o  o f f e r  two 
soLutioiis t o  t h e  low e l e c t r i c a l  conduct iv i ty  problem which 
would remove the  major obs tac le  t o  achieving t h e  high e f f i -  
ciency and Gower dens i ty  of which an MHD generator  i s  poten- 
t i a l l y  capable ,  The f i r s t  is  t h e  very high working f l u i d  
temperature (5000-7000°1<) which may be produced with gaseous 
r e a c t o r s  and t h e  second i s  t h e  very high r a d i a t i o n  f l u x  which 
is a v a i l a b l e  i n  t h e  v i c i n i t y  of such a  reac tor .  This rad ia-  
t i o n  f l u x  may be extremely e f f e c t i v e  in i on iz ing  t h e  gas and 
p r e f e r e n t i a l l y  hea t ing  t h e  e l ec t rons .  I t  could overcome many 
of t h e  d i f f i c u l t i e s  which a r e  encountered with magnetically 
induced nonequilibrium plasmas. T h e  f e a s i b i l i t y  of increas ing  
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Figure 1. Gas C o r e  R e a c t o r  C o n c e p t s  
t h e  e l e c t r i c a l  conduct iv i ty  by d i f f e r e n t  types of r a d i a t i o n  
has been analyzed i n  Reference 1 6  with some encouraging 
r e s u l t s .  
The submicron-sized p a r t i c l e s  p resen t  i n  t h e  gaseous core 
r e a c t o r  could a l s o  enhance the  e l e c t r i c a l  conduct iv i ty  of t h e  
f l u i d  by supplying a d d i t i o n a l  e l e c t r o n s  by thermionic emission. 
This phenomenon has i n  f a c t  been suggested and b r i e f l y  s tud ied  
a s  a  poss ib le  s u b s t i t u t e  f o r  potassium o r  cesium seeding (Ref. 
17,10) ,  The c o d i n a t i o n  of s o l i d  p a r t i c l e  seeding and potas- 
sium seeding could be a  f r u i t f u l  approach i n  i4IiD genera tors  
dr iven  by devices  o t h e r  than a  gaseous core nuclear  r e a c t o r ,  
The fundamental advantage of combining a MHD genera tor  
with a gaseous r e a c t o r  i s  a  more o r  less complete removal of 
any c o n s t r a i n t  on the  top  temperature of t h e  thermodynamic 
cycle .  This i s  p a r t i c u l a r l y  important f o r  space power systems 
which requ i re  a high r a d i a t o r  temperature, The gaseous reac- 
t o r  MMD generator  may a l s o  se rve  a s  a  topping cyc le  f o r  l a r g e  
ground based power p l a n t s  t o  considerably improve t h e i r  e f f i -  
ciency. The exhaust  from the  MHD generator  could be used t o  
produce steam f o r  conventional tu rb ines  before being re turned  
t o  t h e  r eac to r .  The problem of thermal p o l l u t i o n  has been 
becoming more acute  i n  r ecen t  years  and po in t s  o u t  t h e  need 
f o r  more e f f i c i e n t  nuclear  power p lan t s .  
A s  i nd ica ted  by Rosa (Ref. 19) , t h e  gaseous r e a c t o r  may 
very w e l l  prevent  MISD technology from becoming obsole te ,  I t  
appears t o  be t h e  b e s t  h e a t  source which i s  capable of allow- 
i n g  t h e  M D  genera tor  t o  r e a l i z e  i t s  t r u e  inheren t  advantages, 
Various design s t u d i e s  (Ref. 12,20,21) of gaseous reac- 
t o r  systems f o r  nuclear  rocket  propulsion have been completed, 
The only s i g n i f i c a n t  d i f f e r e n c e  between t h e  nuclear  rocket  
r e a c t o r  and t h e  gas-core r e a c t o r  f o r  f4HD power would be t h e  
use  of argon i n s t e a d  of  hydrogen a s  t h e  working f l u i d .  Since 
t h e  neutron absorpt ion c ross  s e c t i o n  s f  an argon atom i s  
s l i g h t l y  l e s s  than t h a t  of a  hydrogen molecule t h e  opera t ing  
c h a r a c t e r i s t i c s  would probably be enhanced by t h e  s u b s t i t u t i o n  
of argon f o r  hydrogen. Also t h e  use of argon should improve 
uranium containment i n  t h e  open cyc le  systems. 
Table 1 lists some p red ic ted  parameters of gaseous reac- 
t o r  14HD space power systems based on r e a c t o r  designs repor ted  
i n  References 12, 20, and 21, Figure 2 i l l u s t r a t e s  t h e s e  
p l a n t  designs,  The open cycle  r e a c t o r  would provide f o r  more 
e f f i c i e n t  genera tor  opera t ion  because of t h e  h igher  tempera- 
t u r e  of t h e  exhaust ,  however, the  a d d i t i o n a l  opera t ions  re-  
qui red  t o  continuously r e separa te  and r e c i r c u l a t e  t h e  f u e l  
would probably o f f s e t  t h e  increased  generator  e f f i c i e n c y ,  
Thus t h e  n e t  p l a n t  e f f i c i e n c y  may be about t h e  same f o r  both 
systems, A p l a n t  e f f i c i e n c y  of 20 percent  f o r  a  space power 
p l a n t  i s  considered by t h e  authors  t o  be conservat ive.  
Large ground based power p l a n t s  u t i l i z i n g  a  gas-core 
r e a c t o r  with an MHD topping cycle  can be made much more e f f i -  
c i e n t  than conventional nuclear  power p l a n t s  (Figure 3 ) .  The 
advantages of t h e  higher  e f f i c i e n c y  a r e  reduced f u e l  c o s t s  and 
g r e a t l y  reduced thermal p o l l u t i o n ,  Preliminary c a l c u l a t i o n s  
i n d i c a t e  t h a t  thermal e f f i c i e n c e s  of 50 t o  6 0  percent  a r e  
reasonable f o r  such p lan t s .  Thus gas-core r e a c t o r  PBiD power 
p l a n t s  may s e r v e  n ~ t  only t o  provide high s p e c i f i c  power f o r  
nuclear=-electric space propulsion bu ta l so  t o  g r e a t l y  a l l e v i a t e  
t h e  problem of tlxermal p o l l u t i o n  on t h e  ea r th .  
TABLE 1, 
CHARACTERISTICS OF GAS-CORE REACTOR 
MHD SPACE POhJER SYSTEDE 
Reactor Type 
Cycle 
Light ~ u l b l  "  or t ex1 " 20 coaxial2' 
Closed @en open @en 
Reactor Weight ( K g )  32,000 63,000 42,000 96,000 
Reactor Power (MW) 4,600 ~ , o o o  14,400 25,000 
Plant Efficiency 2% 20% 2% 2% 
Net Plant Output (MFS) 920 -18,000 2,880 5,000 
Magnetic Coil weightz2 ( K g )  500 3,000 800 1,000 
Radiator Weight (Kg) 4,000 48,000 8,000 14,000 
Total System Weight (Kg) 45,000 165,000 68,000 132,000 
Specific Power (KW/Kg) 20.4 109 42.4 37- 9 
OPErJ CYCLE FGACT03 POWER P M T  
Fiss ion products- 
-- -- 
ejected o r  s to red  
CLOSED CXLE REACTOR POWER P W s  
Figure 2. Space Power Plants  f o r  Open and Closed Cycle Reactors 
Figure 3. Large Ground Based Power Plant 
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7-1 ON GAS LASER PUMPING VIA NUCLEAR RADIATIONS" 
J. C ,  Guyot, G ,  H. Miley*, J. T. Verdeyen, and T,  Ganley 
Un ive r s i t y  of  I l l i n o i s  
Urbana, I l l i n o i s  
The p o s s i b i l i t y  of producing l a s i n g  v i a  a plasma gener- 
a t e d  by nuc l ea r  r a d i a t i o n s  has  been considered by s e v e r a l  
groups. E a r l i e r  f e a s i b i l i t y  s t u d i e s  by t h e  au tho r s  (Ref. 1) 
a r e  reviewed a long  w i t h  s t u d i e s  by otheps, i n c l u d i n g  Herwig 
(Ref,  2 )  , D e r r  (Ref. 3 )  , DeShong (Ref. 4 )  , and Rusk, -- e t  a l .  
( R e f .  5 ) .  T h e o r e t i c a l  p r e d i c t i o n s  of t h r e s h o l d  r a d i a t i o n  
i n t e n s i t y  requirements  are reviewed f o r  neu t ron  atom, i o n i c ,  
and molecular  l a s e r  systems,  Some unique c h a r a c t e r i s t i c s  
which may r e s u l t  from nuc lea r  r a d i a t i o n  pumping a r e  
desc r ibed .  
Convenient r a d i a t i o n  sou rces  i nc lude  nuc l ea r  r e a c t o r s ,  
r a d i o i s o t o p e s ,  and a c c e l e r a t o r s ;  h u t  p r i m a r i l y  emphasis i s  
given he re  t o  plasmas gene ra t ed  by a lpha  p a r t i c l e s  o r  f i s s i o n  
fragments r e l e a s e d  from a boron o r  uranium c o a t i n g  undergoing 
neu t ron  i r r a d i a t i o n  i n  a n u c l e a r  r e a c t o r .  
The des ign  of and pre l iminary  r e s u l t s  from exper imental  
in -core  s t u d i e s  of the H e - N e  system a r e  presen ted .  These 
experiments have employed pu lsed  o p e r a t i o n  of the Unive r s i t y  
of I l l i n o i s  TRIGA r e a c t o r  a s  w e l l  a s  a  f a s t  b u r s t  r e a c t o r ,  
This  work has  mainly been concerned wi th  gain-absorpt ion type 
measurements a s  a  f u n c t i o n  of gas  p r e s s u r e ,  b u t  t h e  e f f e c t  of 
u s i n g  a d d i t i v e s  i n  Lhe H e - N e  system i s  a l s o  d i scussed ,  
t u d i e s  by the AEC 
dged, 
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7-2 CALCULATIONS OF IONIZATION-EXCITATION RATES IN  GASEOUS 
MEDIA IRRADIATED BY FISSION FRAGMENTS AND ALPHA PARTICLES* 
P. E. Thies s  and G. PI. Miley** 
u n i v e r s i t y  of I l l i n o i s  
Urbana, I l l i n o i s  
Experimental  d a t a  f o r  the slowing of  high-energy i o n s  i n  
gaseous and s o l i d  media are reviewed wi th  s p e c i a l  emphasis on 
f i s s i o n  fragments and a lpha  p a r t i c l e s .  This d a t a  i s  i n t e r -  
p r e t e d  i n  terns of a  semi-empesical s lowing law of t h e  form 
where T i s  t h e  energy of the i o n  T/TO = C l  - r / h ( T o )  1 
+ 
a f t e r  t r a v e l i n g  a d i s t a n c e  r ,  h(To)  is t h e  range corresponding 
t o  t h e  i n i t i a l  energy To, and t h e  parameter n i s  p r i m a r i l y  a  
f u n c t i o n  of t h e  type  i o n  involved.  
The problem of p r e d i c t i n g  t h e  s p a t i a l  d i s t r i b u t i o n  of 
primary i o n i z a t i o n - e x c i t a t i o n  rates i n  a  f l u i d  be ing  irradi- 
a t e d  by i o n s  from an a d j o i n i n g  s o l i d  f u e l  l a y e r  i s  consid- 
e r ed .  The above s lowing l a w  is  used a long  wi th  a t r ansmis s ion  
f u n c t i o n  method p rev ious ly  developed by t h e  au tho r s  (Ref. 1) . 
The method i s  extended t o  e x p l i c i t l y  i nc lude  secondary e f f e c t s  
due t o  high-energy secondary e l e c t r o n s  (6-rays ) and r e c o i  1 
atoms. D e t a i l e d  r e s u l t s  a r e  p resen ted  f o r  the i r r a d i a t i o n  of 
helium i n  a channel  bounded by f u e l  p l a t e s  on e i t h e r  s i d e .  
A survey of  the s t a t u s  of d a t a  and theory f o r  w-values, 
i o n i z a t i o n ,  and e x c i t a t i o n  c r o s s  s e c t i o n s  f o r  high-energy 
i o n s  i s  p re sen ted  f o r  v a r i o u s  gases ,  wi th  emphasis on helium. 
* Support  by t h e  AEC Research Div is ion  f o r  t h e s e  s t u d i e s  i s  
g r a t e f u l l y  acknowledged. 
**1969-70 address :  Corne l l  Un ive r s i t y  
I t h a c a ,  New York 
Preliminary r e s u l t s  from spect roscopic  s t u d i e s  of a 
helium plasma created by r a d i a t i o n  from a one-curie a lpha 
source i s  presented. An i n t e r p r e t a t i o n  i n  terms of t h e  
ion iza t ion-exc i t a t ion  r a t e  c a l c u l a t i o n s  coupled with appro- 
p r i a t e  plasma k i n e t i c s  r e l a t i o n s  $ i s  proposed. 
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I?. A l l a r i o  
Langley Research Center 
Nat ional  Aeronautics a d  Space Administration 
Hampton , Virg in ia  
R. T, Schneider 
Universi ty  of F lo r ida  
Gainesvi l le ,  F lo r ida  
Re A,  Lucht and R e  IIess 
Langley Research Center 
Nat ional  Aeronautics and Space Administration 
Hampton, Vi rg in ia  
An experimental  i n v e s t i g a t i o n  i s  repor ted  of the  e f f e c t  
of t h e  ~ e ~ ( n , p ) ~ ~  r e a c t i o n  products on the  power ou tpu t  of a 
C 0 2  discharge l a s e r .  To perform khis i n v e s t i g a t i o n ,  a s t a t i c  
f i l l  C02 l a s e r  using mixtures of C 0 2 ,  N2, and H e  was 
assembled. The l a s e r  was capable of producing more than 5 
wa t t s  of output  power using commercial grade He gas. Maxi- 
mum l a s i n g  power was obtained a t  a t o t a l  pressure  of 10 t o r r ,  
with a mixture r a t i o  of 1: 1: 8 of C 0 2 ,  N 2 ,  and Be, respec- 
t i v e l y .  Resul ts  a r e  repor ted  on t h e  changes i n  t h e  opera t ion  
of t h e  system when research grade xe3 replaced c o m e r c i a 1  
grade fie, and t h e  l a s e r  was i r r a d i a t e d  with thermal neutrons.  
Reactor f a c i l i t i e s  a t  t h e  Universi ty  of F l o r i d a  w i l l  be used t o  
provide thermal neutron f luxes  ranging from l o 5  t o  1012 
neutrons per  cm2 pe r  sec .  Resul ts  obtained a r e  compared with 
those repor ted  by Andriahkin, --  e t  a l e  (Ref, 1) i n  which an 
at tempt  a t  s imula t ing  t h e  kie3 (n,p)H3 reac t ion  was made by 
i r r a d i a t i n g  a l a s e r  using mixtures of C 0 2 ,  N 2 ,  and IIe with a 
beam of high energy protons (2.8 Mev) obtained from a proton 
a c c e l e r a t o r .  A f a c t o r  of 2 inc rease  i n  l a s e r  power was 
repor ted  us ing  a 7 uampere proton beam. Estimates show t h a t  
a higher  f l u x  of protons should be a v a i l a b l e  from t he  
Be 3 (nRp)  H~ r e a c t i o n  with the neutron f l u x e s  used i n  ou r  
experiment.  Comments on t h e  possible e f f e c t  of t h e  r e a c t i o n  
produc ts  on the e l e c t r o n  temperature  and i o n i z a t i o n  will be 
made. 
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EFFECTS OF COLUMNAR WCOIWINATION ON CONDUCTIVITIES 
O F  NUCLEAR-SEEDED PLASHAS 
D, D, Orvis  and S, R, Dalton 
Un ive r s i t y  o f  F l o r i d a  
Gainesv i lbe ,  F l o r i d a  
The problems of enhanced recombination and f i e l d  
r e t a r d e d  d i f f u s i o n  have been eva lua t ed  i n  i o n i z a t i o n  columns 
used t o  seed a  plasma by nuc lea r  i o n i z a t i o n .  The t i m e  and 
space  dependent d i f f u s i o n ,  mob i l i t y  and recombination d i f f e r -  
e n t i a l  equa t ions  are so lved  numerical ly  f o r  t h e  c y l i n d e r  sur -  
rounding an i n i t i a l  i o n i z a t i o n  t r a c k ,  
A wide range of numerical  c a l c u l a t i o n s  have been made 
f o r  va r ious  tempera tures ,  p r e s s u r e s ,  recombination c o e f f i c i e n t s  
and s p e c i f i c  i o n i z a t i o n s ,  Many of t h e s e  are summarized and 
eva lua t ed  i n  t e r m s  of t h e  f r a c t i o n  of t h e  e l e c t r o n s  t h a t  d i f -  
f u s e  f r e e l y  ve r sus  t hose  t h a t  d i f f u s e  c o l l e c t i v e l y  wi th  t h e  
i o n s  and may recombine, It  i s  found t h a t  t h e  c l a s s i c a l  d e f i -  
n i t i o n  of a  plasma does i n d i c a t e  t h e  o n s e t  of c o l l e c t i v e  motion 
of ions  and e l e c t r o n s ,  However, one must go t o  columns a  
f a c t o r  of 10 o r  more h ighe r  i n  d e n s i t y  be fo re  a s i g n i f i c a n t  
f r a c t i o n  s f  the e l e c t r o n s  d i f f u s e  c o l l e c t i v e l y .  Depending 
upon t h e  recombination c o e f f i c i e n t  used,  t h e  enhancement of 
recombination due t o  c o l l e c t i v e  motion beg ins  t o  be  impor tan t  
a t  h igher  d e n s i t i e s ,  
I n  view of t h e  tempera tures  and p r e s s u r e s  l i k e l y  t o  be 
encountered i n  uranium plasma systems,  some c a l c u l a t i o n s  have 
been c a r r i e d  o u t  f o r  temperatures  of  up t o  800°K and 20 atmos- 
pheres ,  These w e r e  done f o r  h igh  t r a c k  i o n i z a t i o n  d e n s i t i e s  
a p p r o p r i a t e  t o  f i s s i o n  fragments i n  a gas, A s e r i e s  of cal- 
c u l a t i o n s  of conduc t iv i ty  have been c a r r i e d  o u t  t a k i n g  i n t o  
account  t h e  e f f e c t s  of r e c o b i n a t i o n  and c o l l e c t i v e  (and f r e e )  
d i f f u s i o n  i n  hel ium gas a t  h igh tempera ture  and p r e s s u r e s  
f o r  h igh s p e c i f i c  i o n i z a t i o n s ,  A brief d i s p l a y  of  t h e s e  
r e s u l t s  i s  given i n  Fig. 1. 
Although t h e  primary o b j e c t i v e  of t h i s  s tudy  was t h e  
i n v e s t i g a t i o n  of recornlaination of  p ro ton  and t r i t o n  induced 
i o n i z a t i o n  i n  He gas ,  some s f  t h e  r e s u l t s  g i v e  a good e s t i m a t e  
of t h e  e f f e c t s  t h a t  may be expected i n  f i s s i o n  fragment induced 
i o n i z a t i o n .  The methods used seem t o  have ample c a p a c i t y  f o r  
ex t ens ion  t o  more a c c u r a t e  r e p r e s e n t a t i o n  of  columnar e f f e c t s  
i n  uranium plasmas, 
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